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Topological band structure of surface acoustic waves on a periodically corrugated surface
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Surface acoustic waves (SAWs) are elastic waves localized on a surface of an elastic body. We theoretically
study topological edge modes of SAWs for a corrugated surface. We introduce a corrugation forming a triangular
lattice on the surface of an elastic body. We treat the corrugation as a perturbation, and construct eigenmodes
on a corrugated surface by superposing those for the flat surface at wave vectors which are mutually different
by reciprocal-lattice vectors. We thereby show emergence of Dirac cones at the K and K’ points analytically.
Moreover, by breaking the time-reversal symmetry, we show that the Dirac cones open a gap, and that the Chern
number for the lowest band has a nonzero value. This indicates the existence of topological chiral edge modes

of SAWs in the gap.
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I. INTRODUCTION

Various topological phases in electronic systems have been
studied since the quantum Hall effect (QHE) was discovered
in 1980 [1]. In the QHE, topologically protected chiral edge
modes are formed while the bulk is an insulator in two-
dimensional systems. This is attributed to a nontrivial topol-
ogy of the band structure characterized by the Berry curvature.
Effects of the Berry curvature appear in various Hall effects.
Hall effects for other particles and quasiparticles have been
studied following the studies in electron systems. Among
them is the phonon Hall effect [2-4] where a transverse
heat current is induced by temperature gradient. Moreover,
in recent years, topologically protected phonon systems are
studied theoretically and experimentally [5—13], which are
analogous to the QHE in the electronic systems.

In this paper we theoretically study topological chiral edge
modes in the surface acoustic waves (SAWs). The SAWs
are a special type of elastic waves localized on a surface
of an elastic body and they decay exponentially into its
bulk [14]. The SAWs are drawing attention both for scientific
interests and for applicational purposes [15-22]. We focus
on the SAWs, because their band structures can be designed
by controlling surface corrugations. Dispersion relations of
the SAWs for a periodically corrugated surface have already
been studied [23-28]. For a surface with one-dimensional
corrugation, it was shown that a gap opens at the boundary of
the Brillouin zone [23]. However, no analytical studies have
been conducted to combine topological phenomena like QHE
and the SAWs for the corrugated surface in the continuum
theory of elasticity. There have been a number of studies on
topological phenomena in spring-mass systems and various
mechanical systems [29-50]. Among them, there are only a
few previous works on topological phenomena on SAWs. For
example, quantum valley Hall effect is proposed in Ref. [47]
and a “phononic graphene” has been realized experimentally
in Ref. [46]. From an analogy with topological semimetals, a
Weyl phononic crystal was fabricated [50]. Its novel topolog-
ical surface modes, analogous to Fermi-arc surface states in
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a Weyl semimetal, were observed and its negative refraction
was measured [50]. It can be regarded as topological surface
modes of SAWs in Weyl phononic crystals.

In this paper, we study SAWs flowing along a surface with
a two-dimensional corrugation forming a triangular lattice and
their topological bands. From the viewpoint of symmetry,
Dirac cones are expected to appear at the K and K’ points,
which are the vertices of the Brillouin zone, as seen in similar
hexagonal systems [46,51-54]. First, we analytically show
emergence of the Dirac cones for the SAWs. Furthermore, the
bands of the SAWs are expected to be topological when the
Dirac cones open a gap, in analogy with those in electronic
systems. Indeed, we show emergence of topological chiral
edge modes within the gap, analogous to those in the QHE,
by introducing a term which breaks time-reversal symmetry.
This phase has chiral edge modes on the surface of an elastic
body. In other words, we can create a one-dimensional elastic
wave that is topologically protected along the edge of the
two-dimensional surface.

Throughout this paper, the corrugation is treated as a small
perturbation. This enables us to study the eigenmodes, disper-
sions, and Berry curvatures in an analytic way. The analytic
results help us to obtain physical insights into the physics of
topological modes of the SAWs. We note that even when the
corrugation becomes larger the topological nature persists as
long as the band gap remains open.

This paper is organized as follows. Section II is devoted
to showing the emergence of the Dirac cones at the K and
K’ points on the corrugated surface. In Sec. III, we show the
topological nature of the band structure for SAWs by breaking
the time-reversal symmetry, and we conclude this paper in
Sec. IV.

II. EMERGENT DIRAC CONES OF SAWs AROUND K AND
K’ POINTS ON THE CORRUGATED SURFACE

In this section, we show that Dirac cones appear at K and
K’ points in the Brillouin zone for SAWs on a corrugated
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surface forming a triangular lattice. For this purpose, first, we
calculate eigenfrequencies and eigenmodes at the K and K’
points. After that, we show that the Dirac cones appear around
the K and K’ points by the k - p perturbation theory using the
eigenmodes at the K and K’ points.

A. Preliminaries: Acoustic waves in the bulk and
on the flat surface

In this section, we review acoustic waves in the bulk
and on the flat surface of a microscopically isotropic elastic
body following Ref. [14], while systems with microscopic
anisotropy would be of interest as a future work. We begin
with the classical equation of motion for the elastic body:
piij =) ;d0;;/0x;. Here p is the density of the elastic body,
u; is the ith component of the displacement vector u, oj;
represents the stress tensor, and x; represents the coordinates
(x1,x2, x3) = (x, ¥, ). Force balance implies that this stress
tensor o;; is given in terms of the strain tensor u;; as o;; =
,o(c]2 —c?) Do undi + 2,oc,2(uij — Y uudij/3) [14], where ¢;
and ¢, represent the velocities of the longitudinal and trans-
verse waves, respectively, and u;; = (du;/dx; + du;/dx;)/2
is the strain tensor. Therefore, the equation of motion can be
written only in terms of the displacement vector:

it = c;Viu+ (] — ¢ )V(V -u). 60

Then we obtain wave equations of the longitudinal wave,
82141/8t2 = c,zv2u,, and the transverse wave, 82u,/8t2 =
c?Vu,, with V. xu; =0 and V -u, =0 from Eq. (1). To
calculate dispersions of the SAWs for a surface of the elastic
body occupying the region z < 0, we combine solutions of the
transverse and longitudinal waves localized near the surface
z = 0 as follows:

ky ) )
Uy = =A™ + Agef)eren, ()
k}' oz a2\ ik-r—ot)
Uy = ;(Aze + A e"%)e , 3)
U K w ) iter—on
u; = —?Aze — a—A,e ie , 4)
t

where «o; =

Jk2— a)z/clz, o, = k2 —w?/c?, r=(x,y),
k = (k,, k) is the wave vector along the surface z = 0, and w
is the frequency. A; and A, are amplitudes of the longitudinal
and transverse waves, respectively. To obtain dispersions of
SAWs, we impose boundary conditions so that the surface is
stress free. In terms of the stress tensor o;; and the unit vector
e = (e1, ez, e3) that is normal to the surface, the boundary
conditions are written as Zj oijejl.—0 =0 (i=1,2,3). By
writing o;; in terms of the displacement vector (u,, uy, u;)
given by Egs. (2)—(4) and by putting e = (0, 0, 1), we obtain
dispersions of the SAWs w = ¢,€k and the ratio of the
coefficients A, = (—1 + &2 /2)A;, where & is a solution of the
equation £° — 8&% 4 8£2(3 — 2ctz/c12) —16(1 — ctz/c,z) =0
in the range of £ < 1 [14]. This surface wave is called the
Rayleigh wave, and its velocity is given by cg = ;. We
show the dispersion of the SAW in Fig. 1 for ¢, =1 and
¢; = 1.2 as an example.
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FIG. 1. Dispersion relations of SAWs for the flat surface. The
black line represents the bulk transverse wave mode @ = ¢,k and the
dashed black line represents the bulk longitudinal wave mode w =
cik. The red line represents the dispersion relation of the SAWs w =
crk. Here, we setc, = 1 and ¢; = 1.2.

B. Dispersion relations of SAWs at the K point

In this paper, we consider a microscopically isotropic
elastic body the surface of which is corrugated periodically,
forming a triangular lattice. We set the profile of the surface
corrugation along the xy plane as

= {()C, )’)
= d{cos[(by + by) - r] + cos(b; - r) + cos(b, -r)} (5)

instead of z =0 [Fig. 2(a)]. The elastic body exists
in the region z < ¢(x,y), and the region z > ¢{(x,y) is
a vacuum. Here, we set b} = (Zn/a)(l/\/g, 1), b=
(Zn/a)(l/\/g, —1), and d and a are positive constants. This
surface corrugation forms a triangular lattice with a lattice
constant a and primitive reciprocal-lattice vectors b, and b,.
This system has sixfold rotation and time-reversal symme-
tries. The reason for choosing the triangular lattice, instead
of the honeycomb lattice adopted often in previous works
on topological bands [6,36,41,55], is because in the present
continuum model the number of Fourier components to re-
alize surface corrugation is smaller for the triangular lattice
[see Eq. (5)], making the theory simpler. In the following
we assume d < a so that the corrugation ¢ can be treated
perturbatively.

One can construct solutions for eigenmodes of SAWs on
the corrugated surface perturbatively from those on the flat
surface. Because the calculation is lengthy, we describe its
outline here, with its details given in Appendix A. First,
we point out that the corrugation hybridizes the plane-wave
solutions on the flat surface with various wave vectors which
are different from each other by the reciprocal-lattice vectors
of the surface. This method is similar to that applied to a
one-dimensional plasmonic crystal for surface plasmons [56].
Then we obtain solutions of Eq. (1) in the region z < ¢ [see
Egs. (A1)-(A3) in Appendix A]. To determine dispersions and
the coefficients of plane-wave solutions, we impose the stress-
free boundary conditions. Here, the equations of boundary
conditions can be regarded as infinite-dimensional matrix
equations because an infinite number of plane waves are
involved in the equations. In order to solve them analytically,
we focus on the K point in the Brillouin zone. In the lowest
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FIG. 2. Corrugated surface with a triangular lattice, and calculation of its band structure. (a) Profile of the surface corrugation of the elastic
body described by Eq. (5). The figure shows z = ¢ (x, y) with the values of the parameters d = 0.1 and a = 47 /+/3. (b) Brillouin zone of
the model. We call the six corners K; and K’J (j = 1,2,3). As reciprocal-lattice vectors, the three points K; are equivalent, meaning that
their differences are reciprocal-lattice vectors, and are called K point in the standard notation for special wave vectors in the Brillouin zone.

Likewise, the three points K are equivalent and are called K’ point, but K and K’ are not equivalent. The I" point denotes the origin k =

(0., 0).

(c) Schematic picture of the dlsperswn relation of SAWs when the surface is flat. It is shown in the first Brillouin zone for the triangular lattice.
The dispersion relation of SAWs for the flat surface has a conical structure the apex of which is at the I' point denoting the center of the first
Brillouin zone. In the calculation of the dispersion of SAWs around K for the corrugated surface, we consider only hybridization of the waves

near the three K points K, K,, and K3.

order in the perturbation theory at the K point, we only
have to consider the terms from K| = 47 /(3a)(0, 1), K, =
4m/(3a)(—~/3/2,—1/2), and K3 = 47 /(3a)(/3/2, —1/2),
and we can ignore contribution from other k points (Fig. 2).
In addition, we approximate the ratio of the longitudinal
amplitude to the transverse amplitude to be the value at the
zeroth order of the perturbation because ¢ is small [23]. In
other words, we approximate the ratio to be equal to that for a
flat surface. By using the above approximations for boundary
conditions, we can obtain the eigenvectors

A =, 1,1, 6)
AP =1, n, 1), @)
AP =1, n* n), 8)

where 7 = ¢?7/3 and the ith components of A", A" (i =
1,2,3) correspond to the K; points and the superscripts
(n) (n=1,2,3) are labels for the eigenmodes. The corre-
sponding eigenvalues are obtained as

ol = \/E4 + 2dB(BB;. — UZ)KC}K, ©)

“K £2 —2dB(BPs + vIK

(2) 3 _ &4 —dB(BB. — vHK
=w
K E2 4+ dB(BB. + VK

oK (10)

at the K point, where K =47 /(3a), B =1 —§&2, B =
V1—82)2 v =—1+£2/2,and A = ¢;/c; (the details are in
Appendix A). Since the eigenmodes with n =2 and 3 are
degenerate and form a doublet, we write a);( = wg) = a)}?).
Thus, the triply degenerate modes at the K point on the flat

surface are lifted to a singlet (a)(l)) and a doublet (w(z) and
(3)
K )-

C. Solutions away from the K point

In Sec. IIB we obtained the eigenmodes at the K point.
In this section, using these eigenmodes at the K point, we
construct eigenmodes away from the K point by the k- p
perturbation theory. Before applying the k - p perturbation
theory we note that, according to Eq. (1), the equation of
motion is non-Hermitian:

5 ~ (O il
where ¢ = (u, v)", with v = & representing the velocity. In

the matrix H, #} is a 3 x 3 matrix w1th its (i, j) component
given by (h});; = —c 8,]V2 (cl —¢ 2)V; V;, and L is the
3 x 3 identity matrix. ThlS non—Hermitian form of the matrix
H is inconvenient for formulating the Berry curvature in
this setup. Hence, we transform the non-Hermitian eigen-
value problem (11) into a generalized Hermitian eigenvalue
problem; this guarantees fundamental properties of the Berry
curvature, such as gauge invariance, which in turn leads to
appearance of the Berry curvature in various physical phe-
nomena.

In order to make the problem Hermitian, we introduce a
new Hermitian matrix y, so that the eigenvalue equation is
rewritten as y Hy = wy with y H being Hermitian. It is not
trivial whether such a Hermitian matrix y exists, which makes
yI-7 also Hermitian. In the present case, to deduce the form
of the Hermitian matrix y, we focus on a conserved quan-
tity in this equation. Using the equation expressed in terms
of the time derivative Hyr = iydy /3t with H = yH being
Hermitian, we find that wTH Y is the conserved quantity, i.e.,
d([dVyTHy)/dt = 0. Therefore, we identify ¥ "Hvy with
the energy density of the elastic body:

1 . 1
VHY « &, €= E,Ou2 + 3 ZUUMU' (12)
ij

Since the stress tensor o;; and the strain tensor u;; can be
expressed in terms of the displacement vector u, the energy
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density £ can be rewritten in terms of 1. By ignoring surface
terms, we can rewrite the expression of &:

1 h, 0
I "3
&= 4p1/f <0 [3>1ﬂ- (13)
Therefore, using the equation of motion hju = —ii, we obtain
Hy = oy, (14)

_oa (M0 (0 il
H=yH= (0 13>’ v = <—il3 0) (15)
as a new Hermitian form of the equation of motion. It is a
generalized Hermitian eigenvalue equation. The norm of the
wave function is defined as N = funit cell dVyTyy. Here we
adopt the eigenmodes given by Egs. (6)—(8) and their norms
are calculated as
93 241 pE+1 2
fa3w<ﬂ SR L ) (16)
47 28 26 B+ B
(1)

where w denotes wy’ or wﬁ?(: w%) = w}?)) depending on
the eigenmodes used in calculating the norm.

We note that in Ref. [38] a similar transformation from a
non-Hermitian eigenvalue problem for phonons in a spring-
mass model to a generalized Hermitian eigenvalue problem is
developed. The formalism in Ref. [38] is basically limited to
models with a discrete degree of freedom within the unit cell,
such as spring-mass models. In contrast, our formalism here
gives a recipe for general phononic systems, including even
continuum systems, and it includes the formalism in Ref. [38]
as a special case. We note that this extension to continuum
systems is nontrivial, because of the infinite number of vari-
ables within the unit cell. Namely, in applying the method in
Ref. [38] to the present case, we need to calculate the square
root of the operator h/ , and it is technically difficult. Thus, for
continuum systems, only our method is applicable for making
the eigenvalue problem Hermitian.

Thus far, we have obtained the Hermitian eigenvalue equa-
tion (14). Using the eigenmodes at the K point obtained in
Sec. II B, we construct eigenmodes at the points away from
the K point by the k - p perturbation theory. For that purpose,
we express the displacement vector in the Bloch form: u =
Uei®r=e  Accordingly, the wave function ¥ = (u, v)" is
rewritten as ¢ = We'*7=¢")_ From

(Hu); = Z [ = (7 — (Vi +ik)(V + ik;))
J

N =

— ¢} (V + ik)*8;; U * =", (17)
we rewrite Eq. (14) as
hy(k) 0
Ho|W) = wy [¥), Hy = ( {0 ,3) (8)

J

where (l’l's(k))” = —(Cl2 — c,z)(V, + lk,)(Vj + lk]) — Ctz(V +
ik)?5; j. Here, we have introduced the bra-ket notation for
W, and the norm of W is given by N = (W, (k)|y |V, (k)) =
Loniteen 4V Wa(k)'y W, (k). First we set k = K, and we write
Eq. (18) in the case of k = K as

Ho |WY) =@y |¥Y) (i=1,2,3), (19)

Hy(K)) = (”3%‘ ) g) 20)

where |‘~Il;(i)) = (U(i), V(i))T with i = 1, 2, 3 corresponding to
Afi). Physically, V¥ corresponds to the velocity. Equation (19)
has already been solved in Sec. II B.

Here we calculate the dispersion relation slightly away
from the K; point, by setting k =K, + ék in the k-p
perturbation theory. When k is away from the K point,
the Hamiltonian deviates from Hy, and this deviation is
written as

_(8hy O
8H = ( 0 0), (21)
(8h3)ij = —(c — 7 )ilski(V j + iKy ) + 8k;(V; + iK) ;)]
—2ic?8;;8k - (V + iK)) (22)

by a straightforward calculation. Here, we study how the
double degeneracy a)}(D ) ) — wﬁ?) at the K point is lifted
away from the K point. Since the unperturbed eigenmodes
|\IJ;(2)> and |\III((3)) are degenerated at the K point, we express
the wave function as a linear combination |W(k)) = a |l111((2)) +

b |\Il[(<3)) with coefficients a and b, and we should solve

EQ)K

((W}?) o) (i |3H W ))> (a)

fotlon o) (o2 rlo)) 2

= 5P (k)N <Z> , (23)

where 8w is a deviation of the eigenfrequency from
w%)). By a direct calculation we obtain (\IJ,((Z)|8H |\If,((2)) =
(WPBHIW) = 0, (WP IBHIWY) = (W 18H W) =
vN(—idk, + 6k,) and

swP (k) = +v|Sk|, (24)

where

V= 3\/§a2 Cl2 + 'Bzctz + 3
4N B B3

N is given by Eq. (16) and w in Eq. (16) denotes wﬁ(D) in

Eq. (10). This result shows that the degeneracy at the K point

Br(B + Br)

R N [B— 828+ (1+B)B]c +[(3— BB+ (1 + BB ]c? v}, 05)

(

is lifted when the wave vector is away from the K point, and
has a linear dispersion around the K point. In other words,
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FIG. 3. Schematic pictures of the band structures near the K
point, (a) when the time-reversal symmetry is preserved and (b) when
the time-reversal symmetry is broken. In (b) the Dirac cone splits and
has a gap 2|8w| at the K point.

we have showed emergence of a Dirac cone at the K point
[Fig. 3(a)]. We can apply a similar method to show emergence
of the Dirac cone also at the K’ point, which is naturally
expected from sixfold rotational symmetry. We note that
in Ref. [46] a surface phononic graphene is experimentally
realized, and Dirac cones are observed at K and K’ points.
From the symmetry viewpoint, the emergence of the Dirac
cone in our system is the same as the one in the surface
phononic graphene, stemming from the threefold rotation
and time-reversal symmetry, while the lattice structures are
different.

III. TOPOLOGICAL BANDS OF SAWs BY BREAKING
TIME-REVERSAL SYMMETRY

We have seen that there appears double degeneracy at K
and K’ points. This degeneracy comes from time-reversal
and threefold rotational symmetries. Therefore, when time-
reversal symmetry is broken, this degeneracy can be lifted
and the Dirac cones open a gap. When Dirac cones split by
adding some perturbations and open a gap, appearance of
topological bands and topological edge modes within the gap
is expected. This scenario has been seen in various systems
in electronics [55], photonics [57], phononics [6,9,36,37,41],
and so on.

To show this possibility of realizing topological bands in
the present system of SAWSs, we introduce a term that breaks
time-reversal symmetry into the equation of motion Eq. (1),
and investigate behaviors of the Dirac cones at the K and K’
points. Finally, we calculate the Chern number for each band
to show the topological nature of the bands and topological
edge modes [58].

In Appendices C-E, we explain the details of basic topo-
logical properties of the Chern number used in this section.
We emphasize that these topological properties apply not only
to discrete systems but also to continuum systems like the
present case.

A. Time-reversal symmetry breaking due to the Coriolis force

In order to break time-reversal symmetry, we rotate the
elastic body at a constant angular frequency 2 around the z

topological
edge mode

FIG. 4. Schematic picture of the setup. The corrugated surface
is within the xy plane, and the system is rotated around the z axis
with the angular velocity 2. As a result of breaking of time-reversal
symmetry, the Dirac cones at K and K’ points will open a gap, and
there will be topological edge modes going around the system in
the counterclockwise way when the lowest bulk band has the Chern
number C_ = —1.

axis in the fixed inertial frame (see Fig. 4) [41]. Here, we
assume that 2 is sufficiently small, and that the centrifugal
force can be neglected, since the centrifugal force has a
quadratic dependence on the angular frequency. Therefore,
in the reference frame rotating together with the elastic body
about the z axis, we add only a term of the Coriolis force to
Eq. (1) and get

it = c;Viu+ (cf — ¢} )V(V -u) + 2it x Q. (26)

We note that the idea of breaking time-reversal symmetry by
the Coriolis force has been adopted in Ref. [41]. In Sec. IIC,
we chose the normalization using the total energy. For that
reason, if the system is changed, we need to redo the normal-
ization. Eventually, we can use the same formula for the norm
N = (U, (k)|y|V,(k)) with the same matrix y as in Sec. I[IC,
because the Coriolis force does not exert work on the system,
like the Lorenz force in electronic systems. Therefore, we use

(Ho +8V) }\I/,((')> = (of +80®)y |‘-IJ,((i)), (27

. 0 Q 0
sV = (2"893 8), B=|-2 0 o], (98
0 0 0

instead of Eq. (19). Here, 8V represents the term breaking
time-reversal symmetry, and o' denotes a corresponding
deviation of the eigenfrequency from a);é). We investigate
what happens to the degeneracy at the K point by introducing
the perturbation §V. Therefore, we consider the cases with
i =2 and 3 and develop degenerate perturbation theory for
the two eigenmodes. Calculations similar to Eq. (23) lead us
to dispersion relations. By straightforward calculations in the
lowest order in ¢, we get

so'?) =

+wg, (29)

where
2
o (30)

represents the gap due to breaking of the time-reversal sym-
metry. The details of derivation of Eq. (30) are in Appendix B.
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Thus, we have showed that the Dirac cones split by introduc-
ing the Coriolis force which breaks time-reversal symmetry
[Fig. 3(b)]. There might also be other means to break the time-
reversal symmetry, for example, by coupling with gyroscopes,
which are spinning tops pinned to the lattice sites. It breaks the
time-reversal symmetry by an inertial force [34,36].

B. Chern number of the bands of SAWs

When the Dirac cones split by breaking the time-reversal
symmetry, topological edge modes are expected to appear. In
order to find out whether they appear, we calculate the Chern
number. For this purpose, we find that in the present case
the Berry connection A, (k) and Berry curvature [59] B, (k)
should be defined as

Ay(k) = i (Pu(l)]y Vi | Pu(k)) , G
B, (k) = Vi x A,(k), (32)

from the Bloch wave function |®,,(k)), where n denotes a band
index. Here the wave function ®, (k) should be normalized
as (®,(k)|y|®,(k)) = 1. Because our system is described
by the generalized eigenvalue problem, the definition of the
Berry connection and Berry curvature is different from that in
ordinary eigenvalue problems, and it contains an extra factor
y. With this factor, the Berry curvature possesses important
properties such as gauge invariance, similarly to the Berry
curvature in an ordinary eigenvalue problem. It is explained in
detail in Appendix C, where we see that the gauge invariance
comes from the Hermiticity of the problem, i.e., the Hermitic-
ity of the matrices H and y in Eq. (14).

In two-dimensional systems, the Berry curvature has only
the z component B, (k) = a%A"o’(k) — a%AM(k)' Then the
Chern number for the nth band is defined as an integral over
the Brillouin zone:

Cn:/ ;l—kB,,,z(k). (33)
BZ <7

The Chern number is quantized to be an integer, when-
ever the nth band is separated from other bands by a
gap. This quantization for generalized eigenvalue problems
is shown in Appendix D, where we see that the Her-
miticity of the problem plays an essential role. Neverthe-
less, so far we only know the wave functions near the K
point, which seems to be insufficient for calculations of
Eq. (33). Nonetheless, as we see in the following, we can
calculate the Chern number when the gap w¢ is nonzero.
For the calculation we note that when the time-reversal
symmetry is preserved the Berry curvature is zero everywhere,
because time-reversal symmetry gives B, (k) = —B, ;(—k)
and twofold rotational symmetry gives B, (k) = B, (—k).
When the time-reversal symmetry is slightly broken, the gap
w¢ 1s small, and the Berry curvature is sharply concentrated
around the K and K’ points, as we see in the following.
Therefore, the integral Eq. (33) is well approximated by
contributions around these points.

In order to calculate the Berry curvature, we need to
calculate the eigenvectors away from the K point without
time-reversal symmetry. We develop degenerate perturbation
theory with two perturbation terms, §V and §H: We express
the wave function ®(k) at the wave vector away from K as

|®k)) =a |\IJI(<2)) +b |\Il;(3)), and we get

—wg v(—idk, + 0ky)\ (a _ 5™ (4
v(idk, + 8ky) wG b] b))

(34)

since the eigenvalues of this equation are

s = £,/ (v|6k|)? + w2, (35)

which have a gap 2|wg| (Fig. 3), in agreement with the results
of the previous sections. The matrix in this equation has the
same form as the massive Dirac Hamiltonian, and hence we
get the Berry curvature

Uz(x)G

2[(vI8k|)? + wF]

Here, B, ; and B_ ; represent the z components of the Berry
curvatures of the upper band and the lower band, respec-
tively. By using this we can calculate the Chern number. An
integral of By . over a region near the K point is equal to
C+(K) ~ +(1/2)sgn(wg). The contribution from the K’ point
is identical with that from the K point because of the sixfold
rotational symmetry. Because the Berry curvature is sharply
concentrated around the K and K’ points, the resulting Chern
number is

By (8k) =+ (36)

32"

Ci = C+(K) + CL(K") >~ £sgn(wg). (37)

While this is an approximated result by evaluating the integral
only near the K and K’ points, it is in fact exactly equal
to £sgn(wg) because C4 is quantized to be an integer. We
explain more details of this calculation and related discussion
in Appendix D.

Suppose wg is positive. Then, with the term breaking time-
reversal symmetry, the lowest band has the Chern number
equal to —1, which means that there appears one branch
of chiral edge modes within the gap, going along the edge
in a counterclockwise way. This results from the bulk-edge
correspondence. The bulk-edge correspondence is well estab-
lished for Hermitian eigenvalue problems, and is shown for
generalized Hermitian eigenvalue problems in Appendix E.
In Fig. 4 we show a schematic picture of the topological edge
modes. These topological edge modes appear along the edge
of the corrugated surface. Irrespective of the detailed shape of
this surface, the edge modes go along the edge of the system.

We have ignored the centrifugal force in our theory. The
centrifugal force gives rise to an expansion of the system in
the radial direction. It gives rise to a spatial variation of mass
density, leading to a spatial variation of the frequency at the
Dirac point. Therefore, if this spatial variation is smaller than
the gap size wg, the gap is open for the whole system, and
one can safely ignore the centrifugal force. This condition is
discussed in detail in Appendix F, and is obtained as

27\/§aza’cl2

NRZ
As an example, we take R=1cm, a =1 mm, and d =
10 um. We set the velocities of the acoustic waves as
c; = 4.078 x 10* m/s, ¢; = 2.180 x 10* m/s from those of
the material Ni [46]. Then this leads to a condition

QK (38)
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to safely neglect the centrifugal force as 2 « 0.894 x
10* Hz. Thus if we set Q = 10> Hz, the gap size is
wg = 0.114 x 10?> Hz and the frequency of the Dirac point
is 0 = 8.48 x 10° Hz.

IV. SUMMARY AND DISCUSSION

In this paper we considered surface acoustic waves on a
corrugated surface of an elastic body, forming a triangular
lattice. First, we calculated eigenmodes at the K and K’ points
by superposing eigenmodes for a flat surface at wave vectors
which are mutually different by the reciprocal-lattice vectors,
and then calculated those around the K and K’ points by the
k - p perturbation theory. In the calculation, we rewrote the
non-Hermitian eigenvalue equation into a generalized Her-
mitian eigenvalue equation by noting that the total energy is
conserved. Eventually we showed emergence of Dirac cones
at K and K’ points. Then in order to open a gap we finally
introduced a term which breaks time-reversal symmetry. Then
the Dirac cones open a gap and the Chern number for the
lowest band takes a nonzero value. Therefore, we showed that
the elastic waves localized on the surface of an elastic body
have topologically protected chiral edge modes. As a result,
one-dimensional chiral elastic waves are realized along the
edge of a surface of a three-dimensional elastic body (Fig. 4).

These proposals can be tested in simulations or in experi-
ments. The important point of the present theory is wide ap-
plicability, with no strict restrictions on materials, frequencies,
and sizes of the unit cell. Moreover, in the present paper we in-
troduced the Coriolis force to break the time-reversal symme-
try, but there might be other means to break the time-reversal
symmetry, for example, by coupling with gyroscopes [34,36].
We emphasize that the significance of the present paper lies

J

kﬂ1ﬂ2~x o, z o, z\ iy n, r—t
(Al,nlnze Lnyny +Ar,n1nze tnyny )e( nyny ),

not only in the resulting physical phenomena but also in its
theoretical framework itself. We have established a theory of
Berry curvature and topological bands for general acoustic
waves including continuum systems, with an example of
SAWSs on a periodically corrugated surface. In this theory, the
essential step is to transform the non-Hermitian eigenvalue
problem into a generalized Hermitian eigenvalue problem,
and this transformation can be performed by focusing on a
conserved quantity, i.e., the energy. Furthermore, by treating
the corrugation as a perturbation, we can analytically calcu-
late the eigenmodes on the corrugated surface. This shows
for a microscopic mechanism how the band structure for
the periodic system (i.e., SAWs on a corrugated surface) is
determined from that for a free space (i.e., SAWs on a flat
surface). Thus our theory can be applied to any mechanical
systems, including both discrete and continuum systems, and
can serve as a building block for various kinds of topological
band theory for acoustic waves.
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APPENDIX A: CALCULATIONS OF THE EIGENVECTORS
AND EIGENVALUES OF SAWs ON THE PERIODICALLY
CORRUGATED SURFACE

In this Appendix, we show the details of the calculations
for eigenvectors and eigenvalues at the K point in Sec. II B.

As stated in Sec. II B, solutions of Eq. (1) in the region
z < £ are written as

Uy = (A1)
nyny M2
Kniny.y )
B! —
Uy = 112,) (Al,nlnzea['”mz + At’nlnzeoll.n]nzZ)el(knlnz r u)t)’ (A2)
npny MR
2 : Al nyny Qninn 2 k’llnz U oninyZ )3 ik ny T—0t)
U, = - Al,nlnze T — At,nlnze B [ ’ (A3)
kﬂ] ny Olt,n] ny

ny,ny

by hybridizing the plane-wave solutions on the flat sur-
face with various wave vectors which are different from
each other by the reciprocal-lattice vectors of the surface,
where knlng = |kn]n2|a knlnz =k +Gn1nza Gnlnz = nlbl +

myb, is a reciprocal-lattice vector, o pn, = /k,%ln2 — a)2/c12,
and o 0, = /kfln2 — w? / clz. In the summation, n; and n, run

over integers. A; n,n, and A; , ,, are constants which will be
determined later. Henceforth, we write n; and n, together as n
for simplicity.

To determine dispersions and the coefficients A;,
and A,,, we impose the stress-free boundary conditions
Zjo,-jej|z:§ =0 (i=1,2,3). We can write e as e =

(=Zes =&y DIG)? + (&y)* + 11712, where ¢, = 9¢ /0x and

(

¢y = 0¢/dy. Hence, the boundary conditions are written as

[—&x0nx — $yOxy + axz]z:{ =0, (A4)
[_é‘xayx — §yoyy + Jyz]z:{ =0, (A5)
[—4u0o — §y0y + 022 )i=c = 0. (A6)

By writing o0;; in terms of the displacement vector u given
by Egs. (A1)-(A3), we obtain the dispersion relation in the
following. In the calculation, we use Fourier expansion in the
xy plane with r = (x, y),

e =" Cg, (an)e'™, (A7)

1 ,
Co, (o) = < / dr et e, (A8)
unit cell
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and its derivatives with respect to x and y:

.G x ;
Leet = Zz ~Cg, e,
m

&7

(A9)

Gﬂl 1 .
gyet =Y i—"1Cg, 00 (A10)

" |

1 1
°= Zn: ke (ou,n ("l

n

kn,x

243

p—n

1

Here, G,, = mb; + myb, and m = (m;, m,), the integration
in Eq. (A8) is performed in the surface unit cell, S denotes an
area of the surface unit cell, and «, denotes «; , or o, ,. Next
we define integers p; = n; +m; (i = 1, 2), and replace ),
with > . Then, Eqgs. (A4)-(A6) are rewritten as

- kn,x) + 2C;2 [alz_nkp,x + kn,y(kn X kp)z] }CG (al,n)Al,n

p—n

[ — &+ 2clk, - k,|Co (a,,,l)A,,n>, (A1l)

1
0= Z E( {0 (kpy = kny) + 267 [0 kpy + knx(—hen X k):]}Ca,, (01.0)ALn

n A n

p—n
t,n

1
0=> + { [0 = 2¢7k - kp]Co, ()AL +

n n

which are to be satisfied for all integers p; =0, £1, £2, ....

Equations (A11)-(A13) can be regarded as infinite-
dimensional matrix equations. In order to solve them ana-
lytically, we focus on the K point in the Brillouin zone. At
the K point, when we perturbatively switch on the surface
corrugation, the plane wave at K; = 47 /(3a)(0, 1) mixes
with those at other K points K, = 47 /(3a)(—+/3/2, —1/2)
and K5 = 47[/(3a)(\/§/2, —1/2) (Fig. 2). In the lowest order
in the perturbation theory, we have to consider the terms only
from K, K,, and K3, and we can ignore contribution from
other k points in the summations in Egs. (A11)-(A13). In ad-
dition, we approximate the ratio of the longitudinal amplitude
to the transverse amplitude to be the value at the zeroth order
of the perturbation because ¢ is small [23]. In other words,
we approximate the ratio to be equal to that for a flat surface.
This approximation indicates that A, , ~ (—1 + g2 /2)A; ., =
VA; ,. Furthermore, because the corrugation is treated as a
perturbation, we can approximate Eq. (A8) as

C6, (n) = 8o + ‘% / d’rc(re T (Al4)

Here, we can safely set Cy = 1, because the second term of
Eq. (A14) represents the average of the height of the surface,
and it can be set to zero since physics is not affected by
it. Moreover from Eq. (A14) we obtain Cp, (@) = Cp, () =
ad /2. By using these approximations for Eq. (A13), we can
obtain the eigenvectors

AV =, 1, 1, (A15)
AP =, 0, ), (Al6)
AP =, 7, ), (A17)
where n = e2™/3 and the eigenvalues
- [ o

kn y
+22[ = o +2¢7ky - ky|Co (a,,,l)A,,,,>, (A12)
—[kio® = ciky - k(o , + &) ]Ca, ., (at,n)A,,,,}, (A13)
[
4 2
@ 3) §* —dB(Bp. —v)K
= = K A19
KT \/ 2 rapp +mk X A

at the K point, where K = 47 /(3a), B=+1—£2, B, =
V1 —E222 v=—14+£2/2, and A = ¢,/c;. The components
of AE”), A;"l.) (i =1,2,3), correspond to the K; points and the
superscripts (n) (n = 1, 2, 3) are labels for the eigenmodes.
Since the eigenmodes with n = 2 and 3 are degenerate and
form a doublet, we write @\ = a)ff) = w}?). Thus, the triply
degenerate modes at the K point on the flat surface are lifted

to a singlet (a)}(l)) and a doublet (w;(z) and wg)).

APPENDIX B: CALCULATIONS OF THE BAND GAP BY
THE CORIOLIS FORCE

In this Appendix, we calculate the gap by the Coriolis
force, in the lowest order in the rotation frequency €2 and in
the corrugation d. The eigenvalue equation with the Coriolis
force is given by

(Ho + 8V) [WY) = (0f +80P)y |W¢), (B
) 0 Q 0

sV = (2"‘(’)93 8), B=|-Q 0 0 (B2)
0 0 0

Here, 8V represents the term breaking time-reversal sym-
metry, and 8o denotes a corresponding deviation of the
eigenfrequency from a)}é). We investigate what happens to the
degeneracy at the K point by introducing the perturbation
S8V . Therefore, we consider the cases with i =2 and 3 and
develop degenerate perturbation theory for the two eigen-
modes. Calculations similar to Eq. (23) lead us to dispersion
relations. To get the band gap wg in Eq. (30), we calcu-
late (W (sVIw) = [ dV(\I/,((i))TSV\IJ,((’) (i,j=2,3).

unit cell
Here, the integral in the unit cell is given by fumt cendV =

[ds ffc(;) dz, where [dS denotes the integration over the
unit cell in the xy plane. In the calculation, we first note
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that in the zeroth order in the corrugation d this inte-

gral vanishes: de fi)oo dz(\IJ;(i))T(SV\I',((j) = 0 for all values
of i and j. In the first order in d, the upper end of
the integral over z becomes ¢(r), leading to a nonzero
result. Then, we get (WO|sV W) = — (WP |5V |w?) =
weN, (W218V W) = (WP |8V W) = 0, and

9v/3a2d
_ “/_Tawﬁf”fz, (B3)

w6
which is identical with Eq. (30). Thus the gap appears in the
order d'Q'.

APPENDIX C: BERRY CURVATURE FOR GENERALIZED
HERMITIAN EIGENVALUE PROBLEMS

In the main text, we transformed the non-Hermitian eigen-
value problem Hv = oy into the generalized Hermitian
eigenvalue problem (14), i.e., HYy = wy . In the Bloch form
it is rewritten as Eq. (18), i.e.,

HoV = oy V. (C1)

Here Hy and y are both Hermitian. One of the purposes of
this transformation into a generalized Hermitian eigenvalue
problem is that it is convenient for formulating the Berry cur-
vature. In order to define the Berry curvature in non-Hermitian
eigenvalue problems, one needs to introduce two types of
eigenvectors, i.e., left and right eigenvectors as was done in
Ref. [3], whereas in Hermitian eigenvalue problems there is
no need to distinguish between left and right eigenvectors.

Nonetheless, the other and more important purpose of this
transformation from a non-Hermitian eigenvalue problem into
a generalized Hermitian eigenvalue problem is to ensure that
the Berry curvature is well defined, and that it possesses
important necessary properties as Berry curvature, vital for
physical phenomena as we explain in the following.

One of the important properties of the Berry curvature is
gauge invariance, which guarantees that the Berry curvature is
an observable. Because the wave functions are normalized as
N = (U, (k)|y |V, (k)), the eigenvector for Eq. (C1) can have
a gauge degree of freedom W, (k) — W (k) = ?® W, (k),
where 0(k) is an arbitrary real function of the wave vector
k. Then one can easily show that the Berry connection and the
Berry curvature are transformed as

Al =i (W ()|y Vi, (k))
=i (W, (k) |y Vi |V, (k) — VO (k)

=A, — Vib, (C2)

and B, _(k) = B, .(k), Thus the Berry curvature is invariant
under gauge transformation; it qualifies the Berry curvature to
be an observable.

It is known that the Berry curvature affects dynamics of
a wave packet through the semiclassical equation of mo-
tion [60,61]

dwy
)
In the present case of two-dimensional systems, B, (k) =
(0, 0, B, ;(k)). This semiclassical equation of motion has been

i = —k x B, (k) + (C3)

formulated and widely used for Hermitian eigenvalue prob-
lems [60]. In Ref. [61], this equation of motion is shown to be
applicable also to generalized Hermitian eigenvalue problems.
In its proof, conservation of the norm N = (W, (k)|y |V, (k))
coming from the Hermiticity of the problem is essential [61].
Physically, the Hermiticity guarantees that in time evolution
the wave packet never disappears and it is meaningful to
consider its equation of motion.

In addition, in showing the existence of topological edge
modes in systems with a nonzero Chern number as explained
in Appendix E, the Hermiticity of the problem is essential.
Thus, in various physical phenomena governed by the Berry
curvature, the Hermiticity of the eigenvalue problem is re-
quired.

APPENDIX D: QUANTIZATION OF THE CHERN NUMBER
FOR GENERALIZED HERMITIAN EIGENVALUE
PROBLEMS

As discussed in the main text, when the nth band is
separated from other bands with a nonzero gap, the Chern
number for the nth band

dk
¢, = / . @
BZ

2 ®n

is quantized as an integer [58,62], and it represents the number
of branches of chiral edge modes along the edge of the system
in a clockwise way [63], as explained in detail in Appendix E.
This quantization has been well studied in the context of
integer quantum Hall systems of electrons, where the gov-
erning equation is the Schrédinger equation, i.e., a Hermitian
eigenvalue equation. In this paper, we are considering the
generalized Hermitian eigenvalue problem (C1), not a simple
Hermitian eigenvalue problem. Therefore, in this Appendix,
we show the quantization of the Chern number for generalized
Hermitian eigenvalue problems, which is a generalization of
the proof for usual Hermitian eigenvalue problems. In fact it
was shown in the context of optics [57], and here we show this
quantization in generalized eigenvalue problems described by
Eq. (C1), which can also apply to optics.

Here we show the quantization of the Chern number. First,
if we can take a gauge which covers the entire Brillouin zone,
i.e., if we can choose a wave function W, (k) which is smooth
over the entire Brillouin zone, we can use the Stokes theorem
to show that

C= [ Simao=¢ Sham. o
Bz 270 aBZ) 27
Here BZ denotes the two-dimensional Brillouin zone, and
d(BZ) denotes its one-dimensional boundary. The above for-
mula is a contour integral along the boundary of the Brillouin
zone [see Fig. 5(a)]. Thanks to the Brillouin-zone periodicity,
this vanishes. On the other hand, in some systems, one cannot
choose a single gauge which covers the whole Brillouin zone
preserving the Brillouin-zone periodicity. Then the Brillouin
zone should be divided into regions I and II, in each of which
the gauge is defined smoothly [see Fig. 5(b)]. Let ul,(k) and
ull(k) denote the wave functions in regions I and II, respec-
tively, and let A'(k) and A" (k) denote the corresponding Berry
connection. Then, the Stokes theorem leads to the following
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(a) ky (b) ky

kx kx

BZ
C

FIG. 5. Calculation of the Chern number as an integral over the
Brillouin zone. (a) When a single gauge is chosen for the entire
Brillouin zone, the integral of the Berry curvature is rewritten as a
contour integral along the boundary of the Brillouin zone, leading to
C, = 0. (b) In some systems, one should divide the Brillouin zone
into two regions I and II, in each of which the gauge is defined
smoothly.

result:

C, = —B, .k —B, . (k
/BZ ) = Z/ )

i=LII
_?gdk
c2

where C is the loop forming the boundary between the two
regions I and II. On the loop C, the wave functions ®! (k) and
CIDE(k) are different by a phase, <I>fl(k) = ei(’"(k)CIDII(k) where

0,(k) is real. Then it yields A} (k) — AL (k) = 2%, and

[A) (k) — A} (k)] (D3)

dk 90, 1 9
2x ok 2moMe
where [0, ]c represents a change of 6, in going around the loop
C. Because of the single-valuedness of CI>f1 (i =1 1) in the
respective regions, this change of 6, is an integer multiple of
2m. Thus we conclude that the Chern number is quantized as
an integer for generalized Hermitian eigenvalue problems. We
note that the Hermiticity guarantees the gauge invariance of
the Berry curvature, which in turn means gauge invariance of
the Chern number.

Next we introduce a parameter m into the Hamiltonian
H (k), and suppose we change m continuously. We focus on
the Chern number C, of the nth band, and consider a change
of the value of C, as we change the parameter m. We assume
that the nth band is separated from other bands by a gap; then
the quantization of the Chern number means that the Chern
number cannot change continuously, and we conclude that
the Chern number remains constant. This is a fundamental
property of the Chern number as a topological number.

This property of the Chern number upon a change of the
parameter m helps us to calculate the Chern number analyti-
cally in some cases, without evaluating the Chern number as
an integral over the Brillouin zone. In the present system of
SAWs, we regard the frequency wg, representing the breaking
of time-reversal symmetry, as the external parameter m. Then
as long as wg remains positive, the gap is open, and the Chern
number for the lowest band remains constant. Therefore, to
evaluate the Chern number for any positive values of wg,
we can set wg to be a very small positive value to evaluate

Cn =

(D4)

the Chern number. In that case, the distribution of the Berry
curvature (36) is concentrated within the small region |8k| <
|wg|/v around the K and K’ points, and the integral of the
Berry curvature is well approximated by the integral around
the K and K’ points. As wg becomes smaller, the distribution
of the Berry curvature (36) becomes sharper and its peak
becomes larger, while its integral remains constant. Because
the Berry curvature for wg = 0 is zero everywhere because of
the sixfold rotation and time-reversal symmetries, the result
for the Chern number (37) asymptotically becomes exact
when w¢ approaches positive infinitesimal. Thus, when wg
is small the Chern number for the lowest band is —1, and it
means that the Chern number remains — 1 even when wg takes
any positive value.

APPENDIX E: BULK-EDGE CORRESPONDENCE FOR
GENERALIZED HERMITIAN EIGENVALUE PROBLEMS

It is well established that the Chern number represents a
number of branches of chiral edge modes along the edge of
the system in a clockwise way [63]. This is a seminal result
known as bulk-edge correspondence, in the context of the
integer quantum Hall effect in electronic systems, and can be
explained in various ways. This result is not limited to elec-
tronic systems but it holds also for any systems described by
Hermitian eigenvalue equations, as has been applied for sys-
tems with various particles and quasiparticles [3,57,64—66].

To be precise, when the band structure has a gap, the
sum v of the Chern numbers of the bands below the gap is
equal to the number of branches of edge modes inside the
gap, which goes around the system in a clockwise way [see
Fig. 6(e)]. Supposing we consider a band structure in Fig. 6(a)
and focus on the band gap between the Nth and (N + 1)th
bands, v is given by v = Zn , C,. If v is a negative integer,
|[v] = —v represents the number of branches of edge modes
in a counterclockwise way. Because the Chern number is
determined by the bulk wave functions, this correspondence is
called bulk-edge correspondence, as can be shown by Laugh-
lin’s gedanken experiment [63]. It is originally shown in the
context of integer quantum Hall effect in electronic systems.
Nonetheless, it is not limited to electronic systems, but is
common for various particle systems described by Hermitian
eigenvalue equations.

Following the idea of Laughlin’s gedanken experiment,
here we show bulk-edge correspondence for generalized Her-
mitian eigenvalue problems, including SAWs in this paper.
Consider a two-dimensional system along the xy plane, de-
scribed by the generalized Hermitian eigenvalue problem
Eq. (C1). Along the x direction, we set an open boundary
condition, and along the y direction we set a boundary con-
dition with a e’® (¢: constant) phase change when we go
across the boundary in the +y direction. In particular, ¢ = 0
represents a periodic boundary condition. Thus the system can
be thought of as an open cylinder [Fig. 6(b)], where wave
functions change by a phase ¢ across the broken line. In
this setup, we consider a change in the position of the particle
upon an adiabatic change of the phase ¢ from zero to 27.
In electronic systems, it can be conveniently described in
terms of a polarization, using the so-called modern theory of
polarization [67—69].
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)
i¢
n=N ey
=9 L} X

k
d)
4@ /(E. v edge modes
Ny

v edge modes

FIG. 6. Setup of Laughlin’s gedanken experiment. (a) Bulk band
structure. (b) Schematic picture representing the boundary condition
imposed in the system. (c-1—c-3) Flows of the modes under the
change of the phase twist ¢ in the boundary conditions. The panels
represent the cases (c-1) in the absence of modes in the gap, (c-2)
in the presence of a branch with positive dispersion, and (c-3) in
the presence of a branch with negative dispersion. In (c-1)—(c-3),
the red dots represent the modes allowed by the boundary condition
below wr, and we put one particle per eigenmode below wr, i.e.,
per red dot. By changing ¢ the allowed modes flow along the bands
towards the directions specified by red arrows. After one cycle of
¢ from zero to 27w, the set of the red dots returns to the original
one, except for (c-2) where the number of allowed modes decreases
by one, and for (c-3) where it increases by one. (d) Edge modes
in the cylinder geometry, the existence of which is shown from the
Laughlin gedanken experiment. (¢) Edge mode in the open geometry.

Similarly to electronic systems [67-69], when we consider
this system as a one-dimensional system, one can construct
a Wannier orbital which is localized around x = R in the x
direction, where R is a lattice translation vector. From the
Wannier orbital, one can calculate an expectation value of the
center of the particle distribution as

27 Jay

dky(®, . |iy

ax
2

0
Xn a_kx|q)n,kx>v (El)
where a, is the unit-cell size along the x direction. We here
note that in the present system of SAWs the center of the dis-
tribution is defined with respect to the energy density, which
leads to the extra factor y in Eq. (E1). The normalization is
taken as (D, 4 |V | Pni,) = 1.

Suppose we consider band structure with a gap, and let N
denote the number of bands below the gap considered. We
fix one arbitrary value of a frequency wp inside the gap as a
reference frequency, and then put one particle per each mode
below this reference frequency wy. For fermions it is naturally
realized by setting the Fermi energy inside the gap and setting
the temperature to be zero. For bosons such as phonons, it is an

artificial procedure only for a proof of existence of topological
edge modes. Then, the sum of the positions of the particles
divided by the volume is

N

1 2
Po=Y_ E/O dk(®p . |iy

n=1

9
rs | @0, )- (E2)

Note that for fermions it is equal to the polarization divided
by the electronic charge.

Let us change the phase ¢ describing the boundary condi-
tion. Then the perturbation theory tells us how the “polariza-
tion” P, changes. Due to the translational symmetry along k,,
the Bloch wave functions @, are labeled also by the wave
number along k&, and are written as |®, ) with k = (k,, k).
Let L, denote the size of the system along the y direction. At
¢ =0, k, is quantized as k, = 27 j/L, (j: integer). Then the
phase twist ¢ shifts the quantized values of &, to

2rj—¢

ky="——" (j:

L integer). (E3)

Then the change of the polarization P, upon the change of ¢
is given by

21 [ay dk
5P, = 15¢Z /
3 AP, x| |0Puk AP,k
o |¥

, 0k, ok,
J

D,k
5] e

where k, is given by Eq. (E3). By integrating with respect to
¢, we get a net change of the polarization

N
dk
v=AP, = zZ/ —
— ez 27
AP,k
ok, |

—Z/

n=1

ok, ok,

‘ 8¢n,k> <8<I>n,k

I,k
da
N
> (ES)
n=1

where BZ denotes the two-dimensional Brillouin zone. It is
an integer because the Chern number is an integer. Namely,
in this change of ¢, v particles are transferred along the x
direction.

Let us consider a case with v being a nonzero integer.
It means that the number of particles transferred along the
x direction is equal to v, and particle distribution in real
space is changed. Now if we assume the spectrum is gapped
over the system on the cylinder, as shown in Fig. 6(c-1), the
change of the boundary condition cannot change the particle
distribution, because the shift of the allowed values of k,
gives the particle distribution back to the original one [see
Fig. 6(c-1)]. Therefore, the band structure for the cylinder
system should have modes inside the gap. Suppose there is a
branch with a positive dispersion in the gap [see Fig. 6(c-2)];
then the number of particles changes by —1 by the change of
¢. Instead, if there is a branch with a negative dispersion in
the gap [see Fig. 6(c-3)], the number of particles changes by
+1. Note that such branches in the gap should be localized

n.z(k) =
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(@)

edge modes

FIG. 7. Haldane model and its band structures. (a) Honeycomb
lattice. The unit cell consists of two sublattice sites, A and B,
represented by solid and open circles, respectively. (b, c) Band
structures with zigzag-edge ribbon geometry for (b) 1, =1, r, =
0.1,M =0.0166, ¢ = 1.57and (c)t;, =1, 1, =0.1, M =0.7, ¢ =
1.57. The Chern number for the lower band is (b) v = 1 and (¢) v =
0. (d) Schematic picture of edge modes in (b). The edge modes shown
in blue and red lines correspond to those in (b) with the same colors.

at edges of the cylinder, because the bulk band is assumed
to have a gap. Thus, to realize the nonzero change of P,
(i.e., AP, = v # 0), the left end of the cylinder should have v
edge modes with positive velocity (g—,‘: > () and the right end

should have v branches of edge modes with negative velocity
(g—]’c‘; < 0), as illustrated in Fig. 6(d). This physically means
that for a two-dimensional system in an open geometry there
should be chiral edge modes, going along the system edge in a
clockwise way, and the number of branches of edge modes is
v [see Fig. 6(e)]. When v is negative, it means that the number
of counterclockwise branches of edge modes is |[v| = —v.
We emphasize that the discussions in Appendices C—E can
be applied both to discrete systems and to continuum systems
including our system in the main text. In the discussions in
Appendices C-E, we did not assume the system to be discrete.
One can numerically demonstrate this bulk-edge corre-
spondence in various models. As an example, we show it for
the Haldane model [55] on the honeycomb lattice, one of the
well-known models for the quantum Hall systems. Here, we
show existence of the topological chiral edge modes when the
Chern number is nonzero. It is a tight-binding model on the
honeycomb lattice (see Fig. 7), with the Hamiltonian

+ —iud T T
Hyaldane = 1 ZCiCj + 15 Z e m”¢C!Cj “FMZ&'C,'C[,
(i, J) (i) i
(E6)

where ¢; and c:f are annihilation and creation operators of
particles at the site i, respectively. In the summations, (i, j)
represents any nearest-neighbor pairs of sites i and j, and
((i, j)) represents any next-nearest-neighbor pairs of sites i
and j. Particles can be fermions or bosons, and the following
results are the same for both cases. For simplicity in explana-
tion, fermions are assumed here. In Eq. (E6), #1, £, M, and ¢
are real, and u;; = sgn(til X cfz)z = +1, where cfl and cfz are
unit vectors along the two nearest-neighbor bonds connecting
between next-nearest-neighbor pairs i and j. Thus the next-
nearest-neighbor hopping t,e* is complex, with its phase
being e (¢=?) for a clockwise (counterclockwise) hopping
in the hexagonal plaquette. & represents a staggered on-site
potential, and takes values =1 depending on the ith sites being
in the A or B sublattices, respectively.

In this model, phases with v =1, 0, and —1 are realized
by changing the parameters, when the Fermi energy is set
to be Er = 0. In Figs. 7(b) and 7(c) we show our numerical
results of band-structure calculation for a ribbon geometry;
namely, the system is infinitely long in the x direction and
has a finite width in the y direction, and the edges are
zigzag edges. In (b) and (c) the parameter values are (b)
t1 =1, b=0.1, M =0.0166, ¢ =1.57 and (c) , =1, r, =
0.1, M = 0.7, ¢ = 1.57, which yields the Chern number to
be (b) v = 1 and (c) v = 0. While the bulk bands have a gap
around Er = 0 in both cases, there are two branches inside
the gap in (b), while there is no branch in the gap in (c). By
analyzing the distribution of these in-gap branches, one can
verify that one branch is localized at the lower edge while
the other is at the upper edge, and they constitute clockwise
edge modes; they are nothing but the topological edge modes
expected from the Chern number v = 1, as schematically
shown in Fig. 7(d).

APPENDIX F: EFFECT OF THE CENTRIFUGAL FORCE

In the main text, we neglected the effect of the centrifugal
force. In this Appendix we evaluate the condition to safely
neglect it. The equation of motion with the centrifugal force
term is written as

it = c}Viu+ (] — c])V(V -u)+2i x @
— Q2 x (2 x7r). (FD)

Here we assume the system is a disk in the xy plane with ra-
dius R, and the thickness along z is sufficiently larger than the
penetration depth of the SAW. Let the system rotate around the
z axis, and we take 2 = (0,0, Q), r = (x,y, 2), p = (x, y, 0),
and p = |p| = /x% + y2. Then, due to the centrifugal force,
the system is stretched along the radial direction, parallel to p.
Thus, even in the absence of acoustic waves, the displacement
u becomes nonzero and is written as

u=u(p)p (F2)

where p = p/p is a unit vector along p, and u(p) is a function
of p the form of which is to be determined. This displacement
u(r) is a static solution of Eq. (F1), leading to

2

u 2
+ Q% (F3)

Ozclzd_pz
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with boundary conditions u(p = 0) = 0 and Z—Z(,o =R) =0,
meaning that the system has no stress at the boundary. Its
solution is

QZ
u=-5BRp=p) O<p<R). (F4)
€

It is the static displacement in the radial direction, and it is
positive as expected. This leads to the expansion of the volume
element with a ratio

u du Q2
x(p) = P’ + e @<3R2 —2p%) 0<p<R), (F5
1

because the volume element increases from dV = pd pdfdz
to dV' = (p+u)d(p +u)dfdz ~ (14 % + §4)dV. It has a
maximum value x (0) = Q;ZRZ
x(R) = EE atp
of the mass density of the medium by a ratio (1 + x)~!, and

at p = 0 and a minimum value

= R. This expansion gives rise to a decrease

the velocities of the acoustic waves will increase by a ratio

1
(1+x)“2~1+5x- (F6)

Therefore, the frequency of the Dirac point becomes (1 +
x(p)/ 2)0)5?), and it depends on p. When this spatial variation
of the frequency is much smaller than the size of the gap by
the Coriolis force, wg, one can safely ignore the centrifugal
force. Therefore its condition is given by

! o _ PR )
E[X(O)—X(R)]wl( =32 “k < wg. (F7)
)

If we substitute the formula for wg in Eq. (30), we get

Q2R2 94/3a%d
?wg’” ij?sz (F8)
1
27\/§a2d02
= QK N L, (F9)
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