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Topological interface states in periodic lattices have emerged as valuable assets in the fields of electronics,

photonics, and phononics, owing to their inherent robustness against disorder. Unlike electronics and photonics,
the linear dispersion relation of hypersound offers an ideal framework for investigating higher-order bandgaps.
In this work, we propose a design strategy for the generation and manipulation of topological nanophononic
interface states within high-order bandgaps of GaAs/AlAs multilayered structures. These states arise from
the band inversion of two concatenated superlattices that exhibit inverted spatial mode symmetries around
the bandgap. By adjusting the thickness ratio of the unit cells in these superlattices, we are able to engineer
interface states in different bandgaps, enabling the development of versatile topological devices spanning a wide
frequency range. Moreover, we demonstrate that such interface states can also be generated in hybrid structures
that combine two superlattices with bandgaps of different orders centered around the same frequency. These
structures open up avenues for exploring topological confinement in high-order bandgaps, providing a platform
for unveiling and better understanding complex topological systems.

DOI: 10.1103/PhysRevB.108.205301

I. INTRODUCTION

A periodic lattice containing two elements per unit cell
can be described by the one-dimensional Su-Schrieffer-
Heeger (SSH) model in the tight-binding approximation. This
description has been a significant breakthrough for develop-
ing materials with topological properties [1,2]. Topological
states have since been demonstrated for a wide variety of
excitations, including photons [3-9], phonons [10-14], vi-
brations [15-22], polaritons [23-25], plasmons [9,26], and
magnons [27]. In the context of periodic lattices, multilayered
structures, such as distributed Bragg reflectors (DBRs), have
high-reflectivity regions associated with bandgaps. The states
at the edge of these bandgaps present different spatial sym-
metries [28]. When concatenating two DBRs with inverted
spatial mode symmetries around a gap, a topological interface
state emerges [6,29,30].

Over the last two decades, the emergent field of
nanophononics, i.e., the engineering of acoustic nanowaves,
has rapidly advanced, driven by their potential impact in rele-
vant technological realms for practical applications [31-37].
These developments have allowed the achievement of effi-
cient and robust interfaces between acoustic phonons and
various solid-state platforms, including quantum dots [38],
plasmons [39], magnons [40], and polaritons [41,42]. The

*daniel.kimura@c2n.upsaclay.fr

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2023/108(20)/205301(11)

205301-1

control and manipulation of acoustic phonons, along with
their interactions, have significant technological implications
across thermal transport for heat management [43—45], quan-
tum applications [46—48], and information exchange [49,50],
to name a few. In addition, nanophononics emerges as a ver-
satile platform for simulating solid-state physics [10,51-53].
Unlike in optics or electronics [54-56], the linear disper-
sion relation of acoustic phonons [57] allows for the study of
topological interface states in a broad frequency range. In par-
ticular, nanoacoustic topological states have been evidenced
in superlattices working at acoustic frequencies in the tens
to hundreds of gigahertz range, and demonstrated exceptional
agreement between theory and experiments [58,59]. In these
reported cases, the unit cell was formed by two materials
whose thickness ratio was optimized to reverse the mode sym-
metries around a specific bandgap while keeping the acoustic
thickness constant. These studies demonstrated the robustness
of the topologically protected states against thickness pertur-
bations that do not affect the Zak phase (9%%) [58,59], which
is a key parameter to characterize topological phases in the
SSH model [60]. Formally, the Zak phase is defined as the
integral of the displacement across the Brillouin zone, and it
can be associated with the sign of the reflection phase of a
finite-size DBR [6,17]. Each individual band of the acoustic
dispersion relation has an associated 8%, which can take
only two values, 0 or 7. In this work, we theoretically investi-
gate topological interface states by concatenating DBRs with
inverted spatial mode symmetries at high-order bandgaps.
Based on the different Zak phase configurations for the differ-
ent bandgaps at specific unit cell thickness ratios, we engineer
interface modes at higher bandgap orders. Furthermore, we
benefit from the linear dispersion relation to generate hybrid
topological resonators. We establish the interface states of

Published by the American Physical Society
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FIG. 1. Left: Frequency of the band edges bounding the bandgap
as a function of the parameter §. (a)-(d) Band inversion of the
acoustic bandgap around 9.3 GHz (a), 18.6 GHz (b), 28 GHz (c),
and 37.3 GHz (d). The mode symmetries are indicated by orange
(symmetric) and blue (antisymmetric) lines. The thickness ratio of
GaAs/AlAs is indicated by the vertical dashed line in each case.
Right: The unit cell is displayed with light- and dark-gray colors,
representing AlAs and GaAs, respectively. The band-edge modes are
shown in the unit cells for each bandgap.

these resonators by concatenating two superlattices with dif-
ferent bandgap orders that are overlapping in frequency. We
thus show that the presence of the topological states does not
depend only on the spatial mode symmetry but also on the
relative bandgap order of the concatenated superlattices. This
platform allows one to experimentally map textbook cases,
and test innovative and counterintuitive physical situations.
Our findings unlock a degree of freedom to design topological
nanoacoustic resonators.

The paper is organized as follows. Section II describes the
principle of band inversion in the context of nanoacoustics. In
Sec. III, we present the method for generating interface states
at high-order bandgaps and discuss their robustness compared
to Fabry-Perot resonators. Sections IV and V introduce our
designs of topological acoustic resonators.

II. PRINCIPLE OF BAND INVERSION

In topological superlattices, band inversion refers to the
situation where two modes with opposite symmetries at the
edges of a bandgap exchange their ordering in energy. This
inversion can be achieved by adjusting the relative thickness
of the two layers in the unit cell of the superlattice. By con-
catenating two superlattices with different layer thicknesses,
i.e., superlattices presenting inverted bands, topologically pro-
tected interface states can be created.

In the case of multilayered GaAs/AlAs structures com-
posed of two concatenated DBRs, we introduce a parameter
8 € [—1,: 1] to represent the relative thickness of AlAs and
GaAs [29]. In DBRs with a centrosymmetric unit cell cen-
tered around the AlAs layer, GaAs is distributed equally on
both sides of AlAs as follows: 29 (1 + §), 28(] — §), and

)%(1 + 8). Figure 1 illustrates the evolution of the first four

bandgaps as a function of §, while maintaining the unit-cell
acoustic thickness constant. The orange lines indicate modes
symmetric with respect to the center of the unit cell, while the
blue lines indicate antisymmetric modes. It can be observed
that the modes exhibit a sinusoidal dependence on the parame-
ter §. Starting from the second bandgap, there is a consecutive
opening and closing of the bandgap as § increases, accompa-
nied by an inversion of symmetry. The number of nodes in
the modes is directly related to the order of the bandgap. The
first bandgap [Fig. 1(a)] opens and closes only once, with a
maximum amplitude at § = 0. The second bandgap [Fig. 1(b)]
opens twice and closes at § = 0, with a symmetry inversion of
the edge modes around this point. The third bandgap exhibits
two symmetry inversions [Fig. 1(c)], while the fourth gap
undergoes three symmetry changes across the full range of
6 [Fig. 1(d)]. Generally, the nth bandgap experiences (n — 1)
symmetry inversions.

The topological properties of a multilayered acoustic de-
vice can be characterized using the Zak phase, which is the
one-dimensional (1D) equivalent of the Berry phase [61]. For
a periodic phononic 1D system with a periodicity a, the Zak
phase of the nth band is calculated by integrating across the
Brillouin zone:

Zak m/a [ / 1 * ]
en /—ﬂ/a l unit cell zp(z)vg(z)dz un’k(Z)akun.k(Z) dk’

ey

where u, (z) is the acoustic displacement of the nth band

and wave vector k at position z, and p(z) and v(z) cor-

respond to the mass density and speed of sound in the

materials [17,29,60]. The description of the acoustic displace-

ment calculation is given in the Appendix.

In a periodic system with inversion symmetry, where the
unit cell is centrosymmetric around AlAs, the Zak phase can
only take on two discrete values: 0 or 7 [6,17]. It is associated
with the symmetries of the Bloch modes at the band edge [6].
When the modes at both ends of the same nth band (i.e., at the
edge and center of the Brillouin zone) have the same symme-
tries, the Zak phase 629 for that band is 0. Conversely, if the
band has edge modes with opposite symmetries, 2% = 7 [6].
This parameter is crucial for predicting interface states and
characterizing one-dimensional topological systems.

III. INTERFACE STATES AT HIGH-ORDER BANDGAPS

Fundamentally, an interface state is formed whenever
two DBRs with opposite reflection phase signs are concate-
nated [6,29]. The reflection phase can be either positive or
negative depending on the structure of the DBR. For the nth
bandgap, one can determine the sign of the reflection phase by
evaluating the relation [6]

n—1
sgn(¢) = (—1)"(—1) exp (i Zeﬁ”"), 2)

m=0

where [ is the number of closed bandgaps below the nth
bandgap. Therefore, for the nth bandgap, there is an interface
state at the condition that 2"71 0% = 04 2pm, p e N for

m=0 "m

one DBR and Zn_l 6%% = +2pm, p e N for the other.

m=0"m
The creation of an interface state at the nth bandgap does not
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FIG. 2. Top panels: Band inversion of the (a)—(c) third acoustic bandgap around 28 GHz, and (d)-(i) fourth bandgap around 37.3 GHz.
Bottom panels: calculated acoustic reflectivity spectra for the concatenated DBRs with the corresponding GaAs/AlAs thickness ratio § marked

as dashed lines on the top panels.

necessarily imply the generation of an interface state in other
bands, as the sum of §%% for each band might differ.

Figures 2(a)-2(c) display reflectivity spectra for the third
bandgap obtained by combining two DBRs with different
values of §, indicated by the dashed lines on the corresponding
top panels. In each case, § is chosen such that the amplitude of
the bandgap of the corresponding superlattice is maximized,
which corresponds to the values 6 = 0 and £0.66. In panels
(a) and (c), the two DBRs have inverted symmetry around
the bandgap. In both cases, the acoustic reflectivity contains
a dip centered in the high-reflectivity region featuring the
interface state. In contrast, in panel (b), the two DBRs have
the same symmetry around the bandgap. Thus, this structure
acts as a standard DBR, with a high-reflectivity region. Gen-
erally, for the third bandgap, by concatenating one DBR with
8 € [-0.33,0.33] and another with § < 0.33 [Fig. 2(a)] or
6 > 0.33 [Fig. 2(c)], the band inversion is preserved, and an
interface state is generated.

Regarding the fourth bandgap, Figs. 2(d)-2(i) show six
possible combinations between the two DBRs. In all shown
cases, the values of § are chosen such that the amplitude of the
bandgap is maximized, resulting in high-reflectivity regions
centered at ~37.3 GHz. Depending on the mode symmetries
around the fourth gap, an interface state is either present
or absent. In the cases shown in Figs. 2(e) and 2(h), the
modes of the two concatenated DBRs have the same symme-
try [both modes at the bottom band are symmetric in panel
(e), while they are antisymmetric in panel (h)]. Thus, the
acoustic reflectivity spectra present high-reflectivity regions
like a standard DBR. On the contrary, in Figs. 2(d), 2(f), 2(g),
and 2(i), the two DBRs that are concatenated have inverted
mode symmetries. As a result, an interface state between
the two concatenated DBRs is generated. Generally, the ap-
proach presented for the third and fourth bandgaps can be
extended to higher bandgap orders. More specifically, an in-
terface state is generated when concatenating any two DBRs
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FIG. 3. Integrand of the Brillouin cross section for interface
states in the third bandgap (a),(b), associated to the structures shown
in Figs. 2(a) and 2(c), respectively; and the fourth bandgap (c)—(f),
associated to the structures of Figs. 2(d), 2(f), 2(g), and 2(i), respec-
tively. The vertical red line indicates the interface between the two
DBRs.

corresponding to superlattices with an even and odd bandgap
opening.

These interface states can be accessed experimentally
through Brillouin scattering measurements [11,58]. Neverthe-
less, the scattering cross section (o), which represents the
magnitude of the scattered signal, relies on the relative thick-
ness of GaAs and AlAs within the two unit cells constituting
each superlattice. Consequently, not all theoretically predicted
interface states can be accessed experimentally. To identify the
superlattice combinations that yield experimentally accessible
interface states, we employed the transfer matrix method and
a photoelastic model to simulate the Brillouin cross section of
the interface states [51,62]. The Brillouin cross section is de-
fined by the overlap integral between the incident laser electric
field E(z), the strain, which is given by the derivative of the

displacement %, and the photoelastic constant p(z) over
the whole structure in the form
ou(w, z)
o (w) = f |E<z>|2p(z)a—zdz, 3)

where p(z) is material dependent, being p =1 (p =0) in
Ga-rich (Al-rich) layers [58]. We considered here the whole
acoustic structure as an optical A cavity embedded in vac-
uum, where Aoy ~ 1600 nm. The cross section depends
on the overlap between the electric and acoustic fields
|E(2)|*[0u(w, z)/87] in the regions where the photoelastic
constant distribution p(z) is nonzero [58].

The integrand of Eq. (3) is displayed in Fig. 3 for structures
supporting interface states in the third and fourth bandgaps.

We can analyze the integrand by splitting it into quadrants:
left/right superlattice and positive /negative amplitude contri-
butions. The integrand features signals composed of either
double peaks (thick lines) or single peaks (thin lines). Fig-
ures 3(a) and 3(b) display the integrand of the modes in the
third bandgap, associated with the topological structures pre-
sented in Figs. 2(a) and 2(c), respectively. The peaks with the
maximum amplitude at the interface between the two DBRs
are the main contributors to the overall cross section, resulting
in a high Brillouin cross section in panel (a). Conversely, the
positive and negative contributions of the integrand displayed
in panel (b) cancel each other, leading to a low Brillouin cross
section. The calculated Brillouin cross sections for the mode
in the third bandgap on both cases are, respectively, 0 = 8291
and o = 4.

Figures 3(c)-3(f) display the integrand of the modes in the
fourth bandgap, associated to the cases of Figs. 2(d), 2(f), 2(g),
and 2(i), respectively. The integrand in Figs. 3(c) and 3(f)
exhibit positive contribution across the entire structure, while
negative amplitude contribution is asymmetric between left
and right quadrants. This results in an overall positive sig-
nal with high Brillouin cross sections of ¢ = 278720 and
o = 259010, respectively. In contrast, the Brillouin cross sec-
tion in Figs. 3(d) and 3(e) is smaller; o = 328 and o = 6,
respectively. A zoomed-in version of the graphs depicting
the integrands in more detail is shown in the Supplemental
Material [63]. We note that although the apparent overall con-
tribution is positive, the positive right quadrant contribution
in panel (d) is not substantial, resulting in a fairly small cross
section. Similarly, in panel (e), even though the positive left
quadrant displays double peaks, the negative peaks are thicker
than the positive contributions, resulting in a small Brillouin
cross section as well.

Topological interface states have been demonstrated to
exhibit exceptional robustness against disorder, which is use-
ful for transport and error-free data communication [64—66].
The band-inversion principle exploited here to build topo-
logical resonators preserves the center of the bandgap when
varying §. We have numerically demonstrated that the ro-
bustness of the interface mode applies to all bandgap orders
when introducing fluctuations in the layer thickness ratio.
In practice, such fluctuations might emerge, for example,
by material intermixing or composition fluctuations [67,68]
during the epitaxial growth of the layers that form the super-
lattice. The fluctuations considered here, concern changes in
the GaAs/AlAs ratio while maintaining a constant unit-cell
acoustic thickness. In the model, we implement this by using
a flat distribution of random numbers with an amplitude Ad/é
ranging from zero (unperturbed system) to 0.5. We note that
a noise amplitude set to 0.999 effectively closes the targeted
bandgap for each designed superlattice.

In Figs. 4(a) and 4(b), we compare the topological inter-
face state generated in the third bandgap [corresponding to
the structure shown in Fig. 2(c)] to the confined mode in
a Fabry-Perot (FP) cavity. The FP cavity considered here is
formed by noncentrosymmetric unit cells of GaAs/AlAs with
8 = 0.66, chosen such that it preserves the maximum bandgap
opening. The two DBRs surround a spacer of thickness A, and
are embedded in a GaAs background. Figure 4(a) displays
the acoustic frequencies of the topological (blue) and the
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FIG. 4. (a) Resonant frequency in the third bandgap under ran-
dom perturbations, with a uniform distribution of width Aé/é. The
acoustic resonance frequency stays trapped at the bandgap center
for the topological mode (blue) but undergoes variations in the
Fabry-Perot (orange). (b) Acoustic quality factor under random per-
turbations. For both types of resonators, the acoustic quality factor
drops by a factor of 10. Similarly, (c) and (d) display the same
comparisons for the fourth bandgap.

Fabry-Perot (orange) resonators as a function of § fluctua-
tions. In the FP resonator, the fluctuations are introduced in
the thickness ratio of GaAs and AlAs constituting the DBR
unit cell, while the spacer has no perturbation. In this case, the
topological resonator maintains its resonance at the bandgap
center. In contrast, the resonance frequency of the FP res-
onator undergoes large fluctuations, spanning up to 0.5 GHz
away from the center frequency. Figure 4(b) shows the influ-
ence of thickness fluctuations on the acoustic quality factors
of the two structures. As seen, both quality factors decrease
by a factor of 10 at high perturbation amplitudes. This effect
can be explained by the effective reduction in the width of
the bandgap, which results in an increase of the evanescent
decay length of the confined mode, and so an enhancement of
the leakage through the DBRs towards the background [58].
Despite the decrease in quality factors for both structures with
increasing perturbation amplitudes, the topological structure
shows more consistent Q factors compared to the FP res-
onator. This is related to the fact that the fluctuations in the
topological mode frequency are less prominent, and so its
associated Q factor decreases at a slower pace.

Likewise, in Figs. 4(c) and 4(d), we compare the robust-
ness of the topological interface state generated in the fourth
bandgap to an FP cavity (§ = 0.75), with a spacer of thick-
ness A/2. Figure 4(c) shows the resonant frequencies of both
resonators as a function of the fluctuations. The observed
behavior is similar to the case of the third bandgap: the fre-
quency is clamped at the bandgap center for the topological
structure and fluctuates for the Fabry-Perot resonator. These
results show that the robustness characteristic of topological
devices, protecting the acoustic resonance against disorder, is
also preserved at high bandgap orders. However, as we see
by comparing Figs. 4(b) and 4(d), the acoustic quality factor
of the fourth bandgap [Fig. 4(d)] in both structures (FP and
topological) is more sensitive to fluctuations in comparison

to the third bandgap [Fig. 4(b)]. This can be understood
intuitively by comparing the opening and closing of the
bandgaps as a function of unit-cell composition, as shown,
for example, in Fig. 1. When transitioning to higher-order
bandgaps, the opening/closing of each bandgap necessitates
gradually smaller adjustments in material thicknesses. Con-
sequently, interface states at higher-order bandgaps become
progressively more susceptible to inaccuracies in material
thicknesses.

IV. MULTIMODE ENGINEERING

In the previous section, we showed that we can engi-
neer the interface states at the nth bandgap in topological
acoustic resonators by carefully tuning the unit-cell material
thickness ratios in both juxtaposed DBRs. In this section,
we will show that we can also generate interface states at
multiple bandgap orders simultaneously. By varying the unit-
cell relative thickness ratio, §, the bandgap amplitudes at all
the orders are, in fact, simultaneously altered. However, the
closing and reopening of the bandgaps are not coincident
for every bandgap order. As a result, by changing §, we can
reach different combinations of bandgap symmetries, and so
we can engineer the formation of interface states at different
bands.

Figure 5 presents different conditions to generate interface
states at different gaps. In the first case [Figs. 5(a)-5(c)],
we optimize the GaAs/AlAs thickness ratio to generate in-
terface states at the second and fourth bandgaps, with § =
40.33 in each DBR. Figure 5(a) shows the dependence of
the bandgaps on §, with the dashed vertical lines indicating
the & values of each DBR (§ = +0.33), and the orange (blue)
dots corresponding to the symmetric (antisymmetric) modes.
Figure 5(b) shows the unit-cell configurations at the interface
for the chosen §, in which the dark-blue and green colors rep-
resent GaAs whereas light-blue and green represent AlAs. The
inset at the right side of Fig. 5(a) shows the mode symmetry
of the two DBRs in each band. As shown, at the particular
value of § chosen here, there is an inversion of symmetry at the
second and the fourth bandgap, whereas the third bandgap is
closed (see black dots). In the calculated acoustic reflectivity
spectrum shown in Fig. 5(c), three bandgaps can be seen. In
these bandgaps, the band-inversion interface states are present
for the second and fourth gaps, as indicated by the dips cen-
tered in the high-reflectivity regions at ~18 and ~37 GHz,
respectively. As we already saw in Fig. 5(a), the third gap is
closed for this combination of §’s in the DBRs, and so that gap
is absent in the reflectivity spectrum.

Figures 5(d)-5(f) present the conditions that generate in-
terface states in the third and fourth bandgaps simultaneously.
The structure is designed with Sop/bottom = —0.15/ — 0.85 for
the top and bottom DBRs. In comparison to the previous case,
the four bandgaps are open for both superlattices [see panel
(d)], resulting in four high-reflectivity regions in the reflectiv-
ity spectrum, as shown in panel (f). For this configuration of
unit cells, interface states are present in the third and fourth
bandgaps. They are induced by the inversion of symmetry
of the modes around the respective bandgaps, as shown in
panel (d). On the contrary, there is no interface mode in the
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FIG. 5. Engineering of topological interface states. (a) Band inversion of the acoustic bandgaps. The dots show the bandgap openings and
symmetries at the given §. Inset: Symmetry of the two DBRs concatenated. There is inversion only for the fourth bandgap. (b) Schematic of the
unit-cell configurations at the interface between the two DBRs, with the dark-blue and green colors representing GaAs and the corresponding
light colors representing AlAs. (c¢) Simulated acoustic reflectivity spectra for two topological resonators formed by two concatenated DBRs
embedded in GaAs with 8, = —0.33 and Spouem = +0.33. Likewise in (d)—(f) 8iop = —0.15 and Spoom = —0.85; (g)—-(1) dop = —0.8 and

Sbotiom = +0.2; and (j)—(1) 8iop = +0.4 and Spoiom = +0.6.

first and second bandgaps, as they have the same band-edge
symmetries for both superlattices.

We note that the mode is not centered in the third bandgap,
as shown in Fig. 5(f). To generate an interface that is centered
in the bandgap, there are two necessary conditions. First, the
two DBRs should have a bandgap with equal central fre-
quency and, second, they should have the same bandwidth.
The first condition is required for topological robustness [58].
The second condition results in similar evanescent decay
lengths into both DBRs. In the case in which the values of
§ for each superlattice are not equidistant from a band in-
version point, the interface state generated is not centered in
the bandgap, as we can see in Figs. 5(f) and 5(i) at the third
and second bandgaps, respectively. Figures 5(g)-5(i) present
the conditions to generate interface states in the second
and third bandgaps, associated t0 Siop/bottom = —0.8/ + 0.2.
In Fig. 5(g) the two DBRs have inverted symmetry at the
targeted bandgaps, whereas the mode symmetries at the fourth
bandgap on both DBRs are the same, even though they fall
into different bandgap openings. This results in two inter-
face states at bandgap orders 2 and 3, as seen in Fig. 5(i).
Figures 5(j)-5(1) present the conditions to generate interface
states only in the fourth bandgap, with Sp/bottom = +0.4/ +
0.6. Despite the slight disparity between the unit cells of the
two superlattices in this arrangement, the interface state is
generated [Fig. 5(k)]. Only the modes at the fourth bandgap
have inverted symmetries, whereas all the other gaps ex-
hibit the same mode symmetry. As a result, the acoustic
reflectivity spectrum, displayed in Fig. 5(1), presents three

high-reflectivity regions and one interface mode in the fourth
bandgap.

The first bandgap does not undergo any symmetry inver-
sion of the topological phase over the entire § range, which
makes it impossible to create an interface state at this band. It
is important to point out that this does not mean that interface
states cannot be conceived in the first bandgap. For instance,
one can tune the impedance of the materials to switch the
symmetry of the modes [6,30].

V. HYBRID TOPOLOGICAL RESONATORS

The formation of interface states is not limited to the
same bandgap order of the constituting DBRs. In fact, the
general rule for engineering topological states is associated
with the sign of the reflection phase as well as the over-
lap of the high-reflectivity regions from both reflectors. So
far, we have fulfilled these conditions and created interface
modes at higher-order bandgaps by concatenating two DBRs
designed at the same acoustic frequency. In this section, we
extend this concept to generate topological states between two
DBRs designed at different fundamental frequencies, result-
ing in bandgaps of different orders sharing the same frequency
range.

Figures 6(a) and 6(b) display the band-inversion diagrams
of two superlattices, S1 and S2, intended to have the first
bandgap at different frequencies. The first superlattice (S1) is
designed to have a fundamental bandgap centered ~9.3 GHz
[Fig. 6(a)], while the first bandgap of S2 is centered at
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FIG. 6. Hybrid topological acoustic resonator. (a),(b) Band inversion of the acoustic bandgaps associated to the two concatenated
superlattices, named (a) S1 (green frame), and (b) S2 (blue frame). The third bandgap of S1 and the second bandgap of S2 share the same
central frequency, around 28 GHz. (c) Simulated acoustic reflectivity of the two DBRs. The green (blue) line corresponds to the band inversion
diagram displayed in panel (a) [panel (b)]. (d), (e) Simulated acoustic reflectivity spectra for different concatenated DBRs embedded in GaAs.
The relative thickness ratio 8 of the corresponding DBRs is marked by dashed lines on panels (a) and (b). (f), (g) Acoustic displacement |u(z)|?
of the modes at the edge of the bandgaps plotted on top of the unit cell for the two superlattices. The green (blue) unit cell corresponds to the
band-inversion diagram displayed in panel (a) [panel (b)], and the dark (light) colors represent GaAs and AlAs, respectively.

~14 GHz [Fig. 6(b)]. These designs result in the third bandgap
of S1 centered at the same frequency as the second bandgap
of S2, which is represented by the alignment of both bands
in panels (a) and (b). Figure 6(c) shows the acoustic re-
flectivity spectra of the two DBRs associated with the band
structures in panels (a) and (b). The reflectivities are calcu-
lated for values of § in which all the bandgaps are open. We
see that there is a complete overlap of the high-reflectivity
regions around 28 GHz. By concatenating two such super-
lattices with overlapping bandgaps of different order, we can
generate an interface state at the frequency in which they
overlap.

Figures 6(d) and 6(e) depict the calculated acoustic reflec-
tivity spectra for two different combinations of such DBRs.
The chosen values of § are marked on the band-inversion
figures [Figs. 6(a) and 6(b)] with the vertical dashed lines.
The matching labels between panels (a) and (b) indicate
the corresponding acoustic reflectivity spectrum. The first
superlattice on both structures is the same, where 6 = 0.66
corresponds to the thickness ratio for which the third bandgap
opening is maximized. On the other hand, the thickness ratio
of the second superlattice is chosen to maximize the second
bandgap, where § = 0.5 (§ = —0.5) corresponds to the same
(inverted) band-edge mode symmetries compared to the third-
order bandgap of S1. In both cases [panels (d) and (e)], there
are five high-reflectivity regions. The regions below 25 GHz
and above 35 GHz correspond to the individual bandgaps of
S1 and S2 that have no overlap. At 28 GHz, different bandgaps
of the two DBRs do overlap, but an interface state is either
present [panel (d)] or absent [panel (e)] in the two shown
examples. Contrary to what one might have expected based
on the results of the previous sections, the combination of
superlattices supporting an interface state [panel (d)] have

the same band-edge mode symmetries. Likewise, when the
symmetry of the modes between S1 and S2 is inverted, no
interface state is generated. Therefore, the rule of creating an
interface state by band inversion cannot be blindly applied for
bandgaps of different orders.

To understand this, we investigate the relation between the
generation of an interface state and the acoustic displacement
field in the unit cell of each superlattice. In Figs. 6(f) and 6(g),
we can see a schematic of the unit cells of superlattices S1
and S2, associated with the acoustic reflectivity spectra shown
in Figs. 6(d) and 6(e). As before, the dark- and light-colored
regions correspond to GaAs and AlAs, respectively. On top
of these superlattices, we show the corresponding relevant
acoustic displacements. More specifically, in the top (bottom)
panels of this schematic, we show the acoustic displacement
of the modes at the higher (lower) frequency band edges of
the bandgap centered at 28 GHz in each superlattice. As we
can see in Fig. 6(f), there is a discontinuity of the displace-
ment field at the interface between these superlattices. This
discontinuity leads to the generation of an interface state,
even though the band-edge modes have the same symmetry.
On the other hand, in Fig. 6(g), the displacement field at the
interface between S1 and S2 is continuous, and so prevents
the formation of an interface state. In general, when the order
of one bandgap is even, and the other one is odd, an interface
state is generated if both have the same symmetries. On the
contrary, if two odd or even bandgaps are concatenated, they
must have inverted symmetries to generate an interface state.
The difference in phases of the reflection coefficient does
not only depend on the sum of the Zak phases anymore but
also on the order of each bandgap. The case of two DBRs
with different lattice parameters was briefly considered in
Ref. [6].
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VI. CONCLUSIONS

We theoretically presented a method to generate acoustic
interface states in topological nanoacoustic resonators based
on the band-inversion principle. We simulated a series of
topological optophononic resonators with different combina-
tions of concatenated superlattices. By changing the thickness
ratio of GaAs and AlAs in the unit cell, we were able to
control the symmetries of the modes around each bandgap.
In general, an interface state can be generated when two su-
perlattices with inverted symmetries are concatenated. Here,
we extended this principle to create interface states in high-
order bandgaps. The modes that we presented can be accessed
experimentally in a Brillouin or pump-probe experiment. We
numerically discussed the Brillouin efficiency of different
combinations of superlattices forming topological states at the
third and fourth bandgap orders. The accessibility of these
states in Brillouin scattering experiments is directly associated
with the unit-cell thickness ratio between GaAs and AlAs
of both concatenated superlattices. In addition, we studied
the robustness of our structures against disorder and com-
pared them with Fabry-Perot resonators. The use of GaAs and
AlAs enables the study of electronic and optical resonance
effects [69,70], and is compatible with the integration with
quantum dots and quantum wells. However, the concepts pre-
sented in this work can be easily extended to other material
platforms.

Moreover, we demonstrated that multiple topological
acoustic interface states can be generated simultaneously at
different bandgap orders. Importantly, the generated interface
states are robust against disorder in the unit-cell thickness
ratio across a broad frequency range that does not affect
the associated Zak phases. At high frequencies, relatively
high-quality factors have been measured, demonstrating that
acoustic phonon lifetimes are much longer than the cav-
ity lifetimes, showing the potential for practical applications
[46,71-73]. A promising extension of this scheme might
thus arise by introducing spatial periodicity to the system.
Then, the platform developed here could potentially enable
the development and study of synthetic dimensions, where
high-order interface states would serve as an additional lattice
dimension for the topological system [74,75]. Furthermore,
we demonstrated the presence of interface states in hybrid
structures, i.e., structures combining two superlattices with
bandgaps of different orders centered at the same frequency.
The interface states in high-order bandgaps presented here
can potentially be a useful tool to explore a full class of
hybrid topological resonators. One could, for instance, exploit
the versatility of hybrid topological resonators to generate
multiple interface states at higher-order frequency-matched
bandgaps, that are difficult to access by electronics or op-
tics due to their respective dispersion relations. Overall, our
results constitute an important step in the development of
nanophononics for robust noise-insensitive communication,
data processing, and quantum technologies.
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APPENDIX: CALCULATION OF THE ACOUSTIC
DISPLACEMENT PROFILE

In our calculations, we consider finite-sized structures
embedded in an infinite GaAs medium. This simplification
enables us to readily compute the device’s reflectivity with-
out accounting for the effects of zero-strain boundaries. To
compute the acoustic displacement, we employed the wave
equation that characterizes the propagation of mechanical
vibrations [Eq. (A1)]. In this equation, u(z, ¢) denotes the dis-
placement along the z axis, p represents mass density, and Cj;
the stiffness constant for longitudinal modes along the [001]
crystal direction. When we consider homogeneous material
parameters, the equation further simplifies to Eq. (A2), where
the subscript j indicates the material properties within the jth
layer.

d ou(z, t) _ d ou(z, t)
E[P(Z) 5 ]—a—Z[Cn(Z) oz ], (AD)
9u(z, 1) 9%u(z, 1)
Pi—a =Yg, (A2)

Since we are interested in solutions that are harmonic in time,
and the system is translationally invariant in the x and y
directions, the solutions take the form

u(z, t) = u(z)e™. (A3)

In the jth layer, the spatial component of the acoustic
displacement, u(z), can be locally decomposed into two coun-
terpropagating plane waves, as described by Eq. (A4), where
k; represents the local wave vector of the plane wave in
layer j.

Mj(Z) :Ajeika +Bj67ika. (A4)

As for the boundary conditions, we applied the principles of
stress and displacement continuity between two successive
layers. These conditions are expressed as

uj(bj) =uj1(bj) (A5)
and
ou; Uiy
C;—L| =cin—2= A6
/ 8Z i+l d b; ( )

where b; corresponds to the position of the interface between
layers j and j + 1.

205301-8



TOPOLOGICAL NANOPHONONIC INTERFACE STATES ...

PHYSICAL REVIEW B 108, 205301 (2023)

[1] W. P. Su, J. R. Schrieffer, and A. J. Heeger, Solitons in poly-
acetylene, Phys. Rev. Lett. 42, 1698 (1979).

[2] J. Asbé6th, L. Oroszlany, and A. Pélyi, A Short Course on Topo-
logical Insulators, Lecture Notes in Physics Vol. 919 (Springer,
New York, 2016).

[3] T. Ozawa, H. M. Price, A. Amo, N. Goldman, M. Hafezi, L.
Lu, M. C. Rechtsman, D. Schuster, J. Simon, O. Zilberberg,
and I. Carusotto, “Topological photonics,” Rev. Mod. Phys. 91,
015006 (2019).

[4] N. V. Hauff, H. Le Jeannic, P. Lodahl, S. Hughes, and N.
Rotenberg, Chiral quantum optics in broken-symmetry and
topological photonic crystal waveguides, Phys. Rev. Res. 4,
023082 (2022).

[5] M. Hafezi, S. Mittal, J. Fan, A. Migdall, and J. M. Taylor, Imag-
ing topological edge states in silicon photonics, Nat. Photonics
7, 1001 (2013).

[6] M. Xiao, Z. Q. Zhang, and C. T. Chan, Surface impedance and
bulk band geometric phases in one-dimensional systems, Phys.
Rev. X 4, 021017 (2014).

[7]1 L. Lu, J. D. Joannopoulos, and M. Soljaci¢, Topological pho-
tonics, Nat. Photonics 8, 821 (2014).

[8] A. B. Khanikaev and G. Shvets, Two-dimensional topological
photonics, Nat. Photonics 11, 763 (2017).

[9] S. Khattou, Y. Rezzouk, M. E. Ghafiani, M. Amrani, M.
Elaouni, E. H. E. Boudouti, A. Talbi, A. Akjouj, and B. Djafari-
Rouhani, Flat band induced topological photonic Tamm states
in stubbed structures: Theory and experiment, Phys. Rev. B 107,
125405 (2023).

[10] M. Esmann, F. R. Lamberti, A. Lemaitre, and N. D. Lanzillotti-
Kimura, Topological acoustics in coupled nanocavity arrays,
Phys. Rev. B 98, 161109(R) (2018).

[11] G. Arregui, O. Ortiz, M. Esmann, C. M. Sotomayor-Torres, C.
Gomez-Carbonell, O. Mauguin, B. Perrin, A. Lemaitre, P. D.
Garcfa, and N. D. Lanzillotti-Kimura, Coherent generation and
detection of acoustic phonons in topological nanocavities, APL
Photonics 4, 030805 (2019).

[12] C. Brendel, V. Peano, O. Painter, and F. Marquardt, Snowflake
phononic topological insulator at the nanoscale, Phys. Rev. B
97,020102(R) (2018).

[13] R. Siisstrunk and S. D. Huber, Observation of phononic helical
edge states in a mechanical topological insulator, Science 349,
47 (2015).

[14] E. Prodan and C. Prodan, Topological phonon modes and their
role in dynamic instability of microtubules, Phys. Rev. Lett.
103, 248101 (2009).

[15] J. Doster, T. Shah, T. Fosel, P. Paulitschke, F. Marquardt, and
E. M. Weig, Observing polarization patterns in the collective
motion of nanomechanical arrays, Nat. Commun. 13, 2478
(2022).

[16] G. Ma, M. Xiao, and C. T. Chan, Topological phases in
acoustic and mechanical systems, Nat. Rev. Phys. 1, 281
(2019).

[17] M. Xiao, G. Ma, Z. Yang, P. Sheng, Z. Q. Zhang, and C. T.
Chan, Geometric phase and band inversion in periodic acoustic
systems, Nat. Phys. 11, 240 (2015).

[18] D. Zhao, M. Xiao, C. W. Ling, C. T. Chan, and K. H. Fung,
Topological interface modes in local resonant acoustic systems,
Phys. Rev. B 98, 014110 (2018).

[19] L.-Y. Zheng, V. Achilleos, O. Richoux, G. Theocharis, and
V. Pagneux, Observation of edge waves in a two-dimensional

Su-Schrieffer-Heeger acoustic network, Phys. Rev. Appl. 12,
034014 (2019).

[20] X. Zhang, M. Xiao, Y. Cheng, M.-H. Lu, and J. Christensen,
Topological sound, Commun. Phys. 1, 97 (2018).

[21] C. He, X. Ni, H. Ge, X.-C. Sun, Y.-B. Chen, M.-H. Lu, X.-P.
Liu, and Y.-F. Chen, Acoustic topological insulator and robust
one-way sound transport, Nat. Phys. 12, 1124 (2016).

[22] S. D. Huber, Topological mechanics, Nat. Phys. 12, 621 (2016).

[23] P. St-Jean, A. Dauphin, P. Massignan, B. Real, O. Jamadi, M.
Milicevic, A. Lemaitre, A. Harouri, L. Le Gratiet, I. Sagnes, S.
Ravets, J. Bloch, and A. Amo, Measuring topological invari-
ants in a polaritonic analog of graphene, Phys. Rev. Lett. 126,
127403 (2021).

[24] N. Pernet, P. St-Jean, D. D. Solnyshkov, G. Malpuech, N.
Carlon Zambon, Q. Fontaine, B. Real, O. Jamadi, A. Lemaitre,
M. Morassi, L. Le Gratiet, T. Baptiste, A. Harouri, I. Sagnes,
A. Amo, S. Ravets, and J. Bloch, Gap solitons in a one-
dimensional driven-dissipative topological lattice, Nat. Phys.
18, 678 (2022).

[25] S. Klembt, T. H. Harder, O. A. Egorov, K. Winkler, R. Ge,
M. A. Bandres, M. Emmerling, L. Worschech, T. C. H. Liew,
M. Segev, C. Schneider, and S. Hofling, Exciton-polariton topo-
logical insulator, Nature (London) 562, 552 (2018).

[26] Q. Song, M. Odeh, J. Zuiiga-Pérez, B. Kanté, and P. Genevet,
Plasmonic topological metasurface by encircling an exceptional
point, Science 373, 1133 (2021).

[27] D. Malz, J. Knolle, and A. Nunnenkamp, Topological magnon
amplification, Nat. Commun. 10, 3937 (2019).

[28] B. Jusserand and M. Cardona, Raman spectroscopy of vi-
brations in superlattices, in Light Scattering in Solids V:
Superlattices and Other Microstructures, Topics in Applied
Physics, edited by M. Cardona and G. Giintherodt (Springer,
Berlin, Heidelberg, 1989), pp. 49-152.

[29] M. Esmann, F. R. Lamberti, P. Senellart, I. Favero, O. Krebs, L.
Lanco, C. Gomez Carbonell, A. Lemaitre, and N. D. Lanzillotti-
Kimura, Topological nanophononic states by band inversion,
Phys. Rev. B 97, 155422 (2018).

[30] M. Esmann and N. D. Lanzillotti-Kimura, A topological view
on optical and phononic Fabry—Perot microcavities through the
Su—Schrieffer—-Heeger model, Appl. Sci. 8, 527 (2018).

[31] Priya, E. R. Cardozo de Oliveira, and N. D. Lanzillotti-Kimura,
Perspectives on high-frequency nanomechanics, nanoacoustics,
and nanophononics, Appl. Phys. Lett. 122, 140501 (2023).

[32] O. Ortiz, F. Pastier, A. Rodriguez, Priya, A. Lemaitre, C.
Gomez-Carbonell, I. Sagnes, A. Harouri, P. Senellart, V. Giesz,
M. Esmann, and N. D. Lanzillotti-Kimura, Fiber-integrated
microcavities for efficient generation of coherent acoustic
phonons, Appl. Phys. Lett. 117, 183102 (2020).

[33] N. D. Lanzillotti-Kimura, A. Fainstein, A. Lemaitre, and B.
Jusserand, Nanowave devices for terahertz acoustic phonons,
Appl. Phys. Lett. 88, 083113 (2006).

[34] N. D. Lanzillotti-Kimura, A. Fainstein, B. Jusserand, A.
Lemaitre, O. Mauguin, and L. Largeau, Acoustic phonon
nanowave devices based on aperiodic multilayers: Experiments
and theory, Phys. Rev. B 76, 174301 (2007).

[35] T. Vasileiadis, J. S. Reparaz, and B. Graczykowski, Phonon
transport in the gigahertz to terahertz range: Confinement,
topology, and second sound, J. Appl. Phys. 131, 180901 (2022).

[36] S. Volz, J. Ordonez-Miranda, A. Shchepetov, M. Prunnila, J.
Ahopelto, T. Pezeril, G. Vaudel, V. Gusev, P. Ruello, E. M.

205301-9


https://doi.org/10.1103/PhysRevLett.42.1698
https://doi.org/10.1103/RevModPhys.91.015006
https://doi.org/10.1103/PhysRevResearch.4.023082
https://doi.org/10.1038/nphoton.2013.274
https://doi.org/10.1103/PhysRevX.4.021017
https://doi.org/10.1038/nphoton.2014.248
https://doi.org/10.1038/s41566-017-0048-5
https://doi.org/10.1103/PhysRevB.107.125405
https://doi.org/10.1103/PhysRevB.98.161109
https://doi.org/10.1063/1.5082728
https://doi.org/10.1103/PhysRevB.97.020102
https://doi.org/10.1126/science.aab0239
https://doi.org/10.1103/PhysRevLett.103.248101
https://doi.org/10.1038/s41467-022-30024-0
https://doi.org/10.1038/s42254-019-0030-x
https://doi.org/10.1038/nphys3228
https://doi.org/10.1103/PhysRevB.98.014110
https://doi.org/10.1103/PhysRevApplied.12.034014
https://doi.org/10.1038/s42005-018-0094-4
https://doi.org/10.1038/nphys3867
https://doi.org/10.1038/nphys3801
https://doi.org/10.1103/PhysRevLett.126.127403
https://doi.org/10.1038/s41567-022-01599-8
https://doi.org/10.1038/s41586-018-0601-5
https://doi.org/10.1126/science.abj3179
https://doi.org/10.1038/s41467-019-11914-2
https://doi.org/10.1103/PhysRevB.97.155422
https://doi.org/10.3390/app8040527
https://doi.org/10.1063/5.0142925
https://doi.org/10.1063/5.0026959
https://doi.org/10.1063/1.2178415
https://doi.org/10.1103/PhysRevB.76.174301
https://doi.org/10.1063/5.0073508

A. RODRIGUEZ et al.

PHYSICAL REVIEW B 108, 205301 (2023)

Weig, M. Schubert, M. Hettich, M. Grossman, T. Dekorsy,
F. Alzina, B. Graczykowski, E. Chavez-Angel, J. Sebastian
Reparaz, M. R. Wagner, C. M. Sotomayor-Torres et al.,
Nanophononics: State of the art and perspectives, Eur. Phys. J.
B 89, 15 (2016).

[37] R. C. Ng, A. El Sachat, F. Cespedes, M. Poblet, G. Madiot, J.
Jaramillo-Fernandez, O. Florez, P. Xiao, M. Sledzinska, C. M.
Sotomayor-Torres, and E. Chavez-Angel, Excitation and detec-
tion of acoustic phonons in nanoscale systems, Nanoscale 14,
13428 (2022).

[38] J. Kettler, N. Vaish, L. M. de Lépinay, B. Besga, P.-L. de
Assis, O. Bourgeois, A. Auffeves, M. Richard, J. Claudon,
J.-M. Gérard, B. Pigeau, O. Arcizet, P. Verlot, and J.-P. Poizat,
Inducing micromechanical motion by optical excitation of a
single quantum dot, Nat. Nanotechnol. 16, 283 (2021).

[39] M. Poblet, R. Berté, H. D. Boggiano, Y. Li, E. Cortés, G.
Grinblat, S. A. Maier, and A. V. Bragas, Acoustic Coupling
between plasmonic nanoantennas: Detection and directionality
of surface acoustic waves, ACS Photonics 8, 2846 (2021).

[40] F. Godejohann, A. V. Scherbakov, S. M. Kukhtaruk, A. N.
Poddubny, D. D. Yaremkevich, M. Wang, A. Nadzeyka,
D. R. Yakovlev, A. W. Rushforth, A. V. Akimov, and M.
Bayer, Magnon polaron formed by selectively coupled coherent
magnon and phonon modes of a surface patterned ferromagnet,
Phys. Rev. B 102, 144438 (2020).

[41] D. L. Chafatinos, A. S. Kuznetsov, S. Anguiano, A. E.
Bruchhausen, A. A. Reynoso, K. Biermann, P. V. Santos, and
A. Fainstein, Polariton-driven phonon laser, Nat. Commun. 11,
4552 (2020).

[42] A. S. Kuznetsov, D. H. O. Machado, K. Biermann, and P. V.
Santos, Electrically driven microcavity exciton-polariton op-
tomechanics at 20 GHz, Phys. Rev. X 11, 021020 (2021).

[43] P. Torres, J. Iniguez, and R. Rurali, Giant electrophononic re-
sponse in PbTiO; by strain engineering, Phys. Rev. Lett. 123,
185901 (2019).

[44] C.Li, H. Ma, T. Li, J. Dai, M. A. J. Rasel, A. Mattoni, A. Alatas,
M. G. Thomas, Z. W. Rouse, A. Shragai, S. P. Baker, B. J.
Ramshaw, J. P. Feser, D. B. Mitzi, and Z. Tian, Remarkably
weak anisotropy in thermal conductivity of two-dimensional
hybrid perovskite butylammonium lead iodide crystals, Nano
Lett. 21, 3708 (2021).

[45] F. Bencivenga, R. Mincigrucci, F. Capotondi, L. Foglia, D.
Naumenko, A. A. Maznev, E. Pedersoli, A. Simoncig, F.
Caporaletti, V. Chiloyan, R. Cucini, F. Dallari, R. A. Duncan,
T. D. Frazer, G. Gaio, A. Gessini, L. Giannessi, S. Huberman,
H. Kapteyn, J. Knobloch et al., Nanoscale transient gratings
excited and probed by extreme ultraviolet femtosecond pulses,
Sci. Adv. 5, eaaw5805 (2019).

[46] Y. Chu, P. Kharel, T. Yoon, L. Frunzio, P. T. Rakich, and R. J.
Schoelkopf, Creation and control of multi-phonon Fock states
in a bulk acoustic-wave resonator, Nature (London) 563, 666
(2018).

[47] D. D. Biihler, M. Weil}, A. Crespo-Poveda, E. D. S. Nysten,
J. J. Finley, K. Miiller, P. V. Santos, M. M. de Lima,
and H. J. Krenner, On-chip generation and dynamic piezo-
optomechanical rotation of single photons, Nat. Commun. 13,
6998 (2022).

[48] C. Meng, G. A. Brawley, S. Khademi, E. M. Bridge, J. S.
Bennett, and W. P. Bowen, Measurement-based preparation of
multimode mechanical states, Sci. Adv. 8, eabm7585 (2022).

[49] 1. Mahboob, K. Nishiguchi, H. Okamoto, and H. Yamaguchi,
Phonon-cavity Phys. 8, 387
(2012).

[50] B. Stiller, M. Merklein, C. Wolff, K. Vu, P. Ma, S. J. Madden,
and B. J. Eggleton, Coherently refreshing hypersonic phonons
for light storage, Optica 7, 492 (2020).

[51] N. D. Lanzillotti-Kimura, A. Fainstein, C. A. Balseiro, and
B. Jusserand, Phonon engineering with acoustic nanocavities:
Theoretical considerations on phonon molecules, band struc-
tures, and acoustic Bloch oscillations, Phys. Rev. B 75, 024301
(2007).

[52] O. Ortiz, M. Esmann, and N. D. Lanzillotti-Kimura, Phonon
engineering with superlattices: Generalized nanomechanical
potentials, Phys. Rev. B 100, 085430 (2019).

[53] M. M. de Lima, Yu. A. Kosevich, P. V. Santos, and A. Cantarero,
Surface acoustic Bloch oscillations, the Wannier-Stark ladder,
and Landau-Zener tunneling in a solid, Phys. Rev. Lett. 104,
165502 (2010).

[54] N. Parappurath, F. Alpeggiani, L. Kuipers, and E. Verhagen,
Direct observation of topological edge states in silicon pho-
tonic crystals: Spin, dispersion, and chiral routing, Sci. Adv. 6,
eaaw4 137 (2020).

[55] K. Papatryfonos, D. Saladukha, K. Merghem, S. Joshi, F.
Lelarge, S. Bouchoule, D. Kazazis, S. Guilet, L. Le Gratiet,
T. J. Ochalski, G. Huyet, A. Martinez, and A. Ramdane,
Laterally coupled distributed feedback lasers emitting at 2
pum with quantum dash active region and high-duty-cycle
etched semiconductor gratings, J. Appl. Phys. 121, 053101
(2017).

[56] J. Wang, Y. Bai, H. Liu, Z. Cheng, M. Tang, S. Chen, J. Wu,
K. Papatryfonos, Z. Liu, Y. Huang, and X. Ren, Optimization
of 1.3 um InAs/GaAs quantum dot lasers epitaxially grown on
silicon: Taking the optical loss of metamorphic epilayers into
account, Laser Phys. 28, 126206 (2018).

[57] P. Delsing, A. N. Cleland, M. J. A. Schuetz, J. Knorzer, G.
Giedke, J. 1. Cirac, K. Srinivasan, M. Wu, K. C. Balram, C.
Biuerle, T. Meunier, C. J. B. Ford, P. V. Santos, E. Cerda-
Meéndez, H. Wang, H. J. Krenner, E. D. S. Nysten, M. Weil,
G. R. Nash, L. Thevenard et al., The 2019 surface acoustic
waves roadmap, J. Phys. D: Appl. Phys. 52, 353001 (2019).

[58] O. Ortiz, P. Priya, A. Rodriguez, A. Lemaitre, M. Esmann,
and N. D. Lanzillotti-Kimura, Topological optical and phononic
interface mode by simultaneous band inversion, Optica 8, 598
(2021).

[59] M. Esmann, F. R. Lamberti, A. Harouri, L. Lanco, I. Sagnes, .
Favero, G. Aubin, C. Gomez-Carbonell, A. Lemaitre, O. Krebs,
P. Senellart, and N. D. Lanzillotti-Kimura, Brillouin scattering
in hybrid optophononic Bragg micropillar resonators at 300
GHz, Optica 6, 854 (2019).

[60] J. Zak, Berry’s phase for energy bands in solids, Phys. Rev. Lett.
62, 2747 (1989).

[61] M. V. Berry, Quantal phase factors accompanying adiabatic
changes, Proc. R. Soc. London, Ser. A 392, 45 (1984).

[62] N. D. Lanzillotti-Kimura, A. Fainstein, B. Perrin, and B.
Jusserand, Theory of coherent generation and detection of THz
acoustic phonons using optical microcavities, Phys. Rev. B 84,
064307 (2011).

[63] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.108.205301 for a more detailed version of
the graphs depicting the integrands.

electromechanics, Nat.

205301-10


https://doi.org/10.1140/epjb/e2015-60727-7
https://doi.org/10.1039/D2NR04100F
https://doi.org/10.1038/s41565-020-00814-y
https://doi.org/10.1021/acsphotonics.1c00741
https://doi.org/10.1103/PhysRevB.102.144438
https://doi.org/10.1038/s41467-020-18358-z
https://doi.org/10.1103/PhysRevX.11.021020
https://doi.org/10.1103/PhysRevLett.123.185901
https://doi.org/10.1021/acs.nanolett.0c04550
https://doi.org/10.1126/sciadv.aaw5805
https://doi.org/10.1038/s41586-018-0717-7
https://doi.org/10.1038/s41467-022-34372-9
https://doi.org/10.1126/sciadv.abm7585
https://doi.org/10.1038/nphys2277
https://doi.org/10.1364/OPTICA.386535
https://doi.org/10.1103/PhysRevB.75.024301
https://doi.org/10.1103/PhysRevB.100.085430
https://doi.org/10.1103/PhysRevLett.104.165502
https://doi.org/10.1126/sciadv.aaw4137
https://doi.org/10.1063/1.4975036
https://doi.org/10.1088/1555-6611/aae194
https://doi.org/10.1088/1361-6463/ab1b04
https://doi.org/10.1364/OPTICA.411945
https://doi.org/10.1364/OPTICA.6.000854
https://doi.org/10.1103/PhysRevLett.62.2747
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1103/PhysRevB.84.064307
http://link.aps.org/supplemental/10.1103/PhysRevB.108.205301

TOPOLOGICAL NANOPHONONIC INTERFACE STATES ...

PHYSICAL REVIEW B 108, 205301 (2023)

[64] J. P. Mathew, J. D. Pino, and E. Verhagen, Synthetic gauge
fields for phonon transport in a nano-optomechanical system,
Nat. Nanotechnol. 15, 198 (2020).

[65] S. Arora, T. Bauer, R. Barczyk, E. Verhagen, and L. Kuipers,
Direct quantification of topological protection in symmetry-
protected photonic edge states at telecom wavelengths, Light
Sci. Appl. 10, 9 (2021).

[66] K. Papatryfonos, D. R. Selviah, A. Maman, K. Hasharoni,
A. Brimont, A. Zanzi, J. Kraft, V. Sidorov, M. Seifried, Y.
Baumgartner, F. Horst, B. J. Offrein, K. Lawniczuk, R. G.
Broeke, N. Terzenidis, G. Mourgias-Alexandris, M. Tang, A. J.
Seeds, H. Liu, P. Sanchis et al., Co-package technology plat-
form for low-power and low-cost data centers, Appl. Sci. 11,
6098 (2021).

[67] K. Papatryfonos, T. Angelova, A. Brimont, B. Reid, S. Guldin,
P. R. Smith, M. Tang, K. Li, A. J. Seeds, H. Liu, and
D. R. Selviah, Refractive indices of MBE-grown AL.Ga(,_,) as
ternary alloys in the transparent wavelength region, AIP Adv.
11, 025327 (2021).

[68] K. Papatryfonos, G. Rodary, C. David, F. Lelarge, A. Ramdane,
and J.-C. Girard, One-dimensional nature of InAs/InP quantum
dashes revealed by scanning tunneling spectroscopy, Nano Lett.
15, 4488 (2015).

[69] N. D. Lanzillotti-Kimura, A. Fainstein, B. Perrin, B. Jusserand,
L. Largeau, O. Mauguin, and A. Lemaitre, Enhanced optical

generation and detection of acoustic nanowaves in microcavi-
ties, Phys. Rev. B 83, 201103(R) (2011).

[70] N. D. Lanzillotti-Kimura, A. Fainstein, B. Jusserand, and
A. Lemaitre, Resonant Raman scattering of nanocavity-
confined acoustic phonons, Phys. Rev. B 79, 035404
(2009).

[71] A. Huynh, N. D. Lanzillotti-Kimura, B. Jusserand, B. Perrin, A.
Fainstein, M. E. Pascual-Winter, E. Peronne, and A. Lemaitre,
Subterahertz phonon dynamics in acoustic nanocavities, Phys.
Rev. Lett. 97, 115502 (2006).

[72] G. Rozas, M. F. Pascual Winter, B. Jusserand, A. Fainstein,
B. Perrin, E. Semenova, and A. Lemaitre, Lifetime of THz
acoustic nanocavity modes, Phys. Rev. Lett. 102, 015502
(2009).

[73] P. Kharel, Y. Chu, M. Power, W. H. Renninger, R. J.
Schoelkopf, and P. T. Rakich, Ultra-high-Q phononic resonators
on-chip at cryogenic temperatures, APL Photonics 3, 066101
(2018).

[74] J. del Pino, J. J. Slim, and E. Verhagen, Non-Hermitian chi-
ral phononics through optomechanically induced squeezing,
Nature (London) 606, 82 (2022).

[75] M. Mancini, G. Pagano, G. Cappellini, L. Livi, M. Rider, J.
Catani, C. Sias, P. Zoller, M. Inguscio, M. Dalmonte, and L.
Fallani, Observation of chiral edge states with neutral fermions
in synthetic Hall ribbons, Science 349, 1510 (2015).

205301-11


https://doi.org/10.1038/s41565-019-0630-8
https://doi.org/10.1038/s41377-020-00458-6
https://doi.org/10.3390/app11136098
https://doi.org/10.1063/5.0039631
https://doi.org/10.1021/acs.nanolett.5b00963
https://doi.org/10.1103/PhysRevB.83.201103
https://doi.org/10.1103/PhysRevB.79.035404
https://doi.org/10.1103/PhysRevLett.97.115502
https://doi.org/10.1103/PhysRevLett.102.015502
https://doi.org/10.1063/1.5026798
https://doi.org/10.1038/s41586-022-04609-0
https://doi.org/10.1126/science.aaa8736

