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Extremely rare topologically protected acoustic energy sink is presented in this article. Acoustic
topological phenomena are generally described using quantum anomalous hall effects (QAHE),
quantum valley hall effects (QVHE), and quantum spin hall effects (QSHE) where spin orbit coupling

is predominant. Topological edge states are demonstrated by bulk-boundary distinction when the
bulk is insulated. In this article topological acoustic conductor and its phenomena are theoretically
demonstrated where the boundaries are insulated. This is exactly opposite to the behavior of a
topological acoustic insulator. Phenomena presented in this article could not be explained by any of
the trio Quantum Hall effects. To explain the phenomenon phononic crystals or PnCs were designed
to obtain accidental triple degeneracies, resulting a Dirac-like cone at the ' point (k = 0). The
phenomenon is microarchitecture and microrotation field independent. Here time reversal symmetry
or the space inversion symmetry is not broken, and the degenerated ‘Deaf band’ dominates the local
dispersion with a syncline top band. This scenario results in continuously changing ‘up spin’ and ‘*down
spin’ of the wave energy in the media and remain trapped without specific preferential direction of
wave transport. The spin was found to generate the spin angular momentum, causing the switching in
geometric phase from 0 — 27 in cyclic pattern, keeping the energy trapped inside the bulk media.

Bulk-boundary distinction of edge states and modulation of counter intuitive wave propagation were widely
studied in the fields of electromagnetism and acoustics. Innovative methods for controlling the waves resulted
in the discovery of topological phenomena. The advancement of topological research in the field of acoustics
is somewhat challenged compared to the field of electromagnetics. This is due to the complexity of the practi-
cal implementation of the spin degrees of freedom. Topological edge states and the topological bulk states are
distinct from each other. Topological insulators are created when the boundaries are conductive (i.e., energy
propagates along the boundary). Thus vice versa topological conductor can be created when only the bulk mate-
rial is conductive, keeping the edge state partially insulated. In this article such acoustic topological phenomena
are theoretically demonstrated and explained. This is exactly opposite to the behavior of a topological acoustic
insulator, and we call it topological acoustic conductor. Phenomena presented in this article could neither be
explained by the Quantum trio Hall effects, nor by the spin orbit interaction (SOI) of acoustic field in an articu-
lated meta structure where micro-rotational field is created by virtue of the design of the structure. Here first
the quantum trio effect and then the SOI are discussed in the following paragraphs.

Quantum trio
Topological insulators were originally proposed in quantum systems'. The topological insulators were designed®~’
for photonic systems using the phenomena called Quantum Anomalous Hall effect (QAHE). QAHE required an
external magnetic field to break time reversal symmetry. Following the electromagnetic waves and its mecha-
nisms, analogous quantum Hall effect in acoustics was hard to achieve. This is because there is no equivalent
magnetic field that exists in acoustics. Instead of finding an equivalent magnetic field, researchers attempted
to mimic the behavior generated by the magnetic field. The behavior is the spin polarization!*-!*. Such spin
polarization was first realized in 2015 by theoretically injecting external flow fields to break the time reversal
symmetry. Later the acoustic Chern insulator was experimentally validated'®. Requirement of additional energy
to create an internal flow field was considered a drawback of QAHE in acoustics. With further progress, utiliz-
ing the pseudospin states, many feasible designs of flow-free acoustic topological insulators'®-'® are proposed.
Robust one-way propagation based on topological edge states were demonstrated in several metamaterials made
of different types of phononic crystals (PnCs).

In quantum spin hall effect (QSHE)' acoustic topological insulators have a double Dirac degeneracy at the
center of the Brillouin zone where topological phase inversion is inevitable'”*’. The pseudospin states at the dou-
ble Dirac point form a topological edge state and could be programable®’. Creating a bulk-boundary distinction,
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immune to back scattering, one way wave propagates along the interface between ordinary PnCs (trivial state)
and topological PnCs (non-trivial state). In quantum valley hall effect (QVHE)*%, graphene like hexagonal
unit cells, degeneracy of two locally linear bands forms a Dirac cone at the Brillouin boundary. In the case of
QVHE, a pair of separated valley vortex states are formed. These valley vortex states have opposite chirality and
can also realize topological edge states. Edge state is along the interface called the domain wall between two
domains made of similar but opposite orientation of the unit cells. Despite different requirements of excitation,
valley Hall PnCs demonstrate the ability to hold robust one-way propagation.

It is to be noted that the QAHE breaks the Time reversal symmetry, whereas in QSHE and QVHE the time
reversal symmetry is protected. In QSHE two states with opposite spin polarization resemble two copies of the
quantum Hall effect. The spins are correlated to the direction of propagation of the wave and opposite spin means
counterpropagating at a given edge. In acoustics however, traditional spins like in quantum mechanics (fermi-
ons) are not present. Spin-1/2 fermions are said to be impossible to achieve. However, phonons may have full
integer spin, simulate spin-1 boson like particles. A fundamental difference between the spin-1/2 fermions and
spin-1 photon/phonons are the Kramers doublets®” and is a mandatory condition for QSHE. This is also absent
in acoustics. However, by understanding the physics of QSHE and its prerequisites, it is realized that a metama-
terial and in its unit cell or a PnCs must have more degrees of freedom to simulate the spin through inducing
microrotational fields. Then Kramers doublet could be artificially created in acoustics as a pair of pseudospin
states like electrons. Hence, in acoustics, due to its longitudinal curl-free nature the waveguide modes for QSHE
are traditionally described with spin-like modes (pseudospin) rather than real Spin Angular Momentum (SAM).
The equivalence of acoustic pseudospin and real SAM are thought to be absent in acoustics.

Spin orbit interaction (SOI)

Beyond quantum trio examples it is realized that by absorbing the acoustic SAM, a small particle will receive a
torque proportional to s. Total angular momentum (TAM) in acoustics is divided into two parts, orbital angular
momentum (OAM) and SAM. OAMs are due to the energy vortices, or the rotation of the energy flux generated
from spatial phase gradient synonymous with the scalar degrees of freedom. SAM, on the other hand, is devel-
oped due to the rotation of the polarized velocity field vectors. It is shown that the spin—orbit interaction (SOI)
between OAM and SAM is possible in acoustics®-*%. Creating nonhomogeneous metamaterial with inherent
microrotation of acoustic field researchers demonstrated the spin-orbit interaction (SOI). Such interaction must
be absent for longitudinal waves in acoustics®. But if the acoustic energy demonstrates any non-zero acoustic spin
density, then spatially the acoustic energy must support the spin state of the wave generated from longitudinal
and transverse wave modes®"*2. It is further shown that the spin could be transported® in articulated waveguide
through locally rotational velocity field. Later by exploiting both the velocity and microrotation field two types
of SOI in momentum and real space were demonstrated?. It is to be noted that in these studies, it is required to
mechanically create the rotational fields by virtue of creating articulated structure in a specific pattern.

In this article without creating such articulated structures or by mechanically creating microrotation of the
vector field, a deaf band based naturally occurring spin state is demonstrated. Periodic metamaterials made of
PnCs were used to demonstrate that the spin state (a) is frequency dependent, (b) generated due to abnormal
polarity, (c) only depends on the deaf band and is also (d) microstructure independent. Through numerical
experiments we theoretically show that such spin state near deaf band is solely responsible for topological bulk
state. One way of verifying the existence of spin in bulk is the spatial integration of the acoustic spin density for
alocalized wave mode. Such integration must result in zero to agree with spin-0 nature of the phonons. Beyond
nonzero spin we show that a unique spatial distribution of the ‘up-spin’ and ‘down-spin’ state is generated. An
intrinsic acoustic SAM of an acoustic field is obtainable by a velocity field with rotational polarized properties
despite being curl-free. The SAM in acoustic wave can be expressed as:

p *
s= 2wlm[v X v] (1)
where p is the mass density, w is the frequency of interest, v is the velocity of particle vibration and v* is the
conjugate of v. Further details can be found in the supplementary material.

Abnormal polarity

It was found®*** that sometimes due to effective anisotropy of a metamaterial longitudinal wave modes may
manifest orthogonal polarization (polarization orthogonal to the direction of propagation) and transverse wave
modes may manifest longitudinal polarization (polarization along the direction of wave propagation). These
are anomalous polarization characterization of the wave modes. They can be effectively demonstrated when the
wavevector moves along a certain equifrequency contour and transitions from one wave mode to another wave
mode present at the same frequency. Although acoustic waves do not have transverse wave modes, polarization
of a specific band may manifest transverse polarization. If such a state exists, superposition of these phonons is
bound to create SAM. In this article it is proved that SAM is solely responsible for creating the bulk energy sink
in a topological conductor.

Topological blackhole

Unlike QSHE where two Dirac-like cones are degenerated at the center of the Brillouin zone, there are other
situations where an almost a flat band called ‘Deaf band’ with antisymmetric mode shape is trapped in between
a Dirac cone at the center of the Brillouin zone. Earlier in several articles**-*%, exploiting the behavior of triply
degenerated Dirac-like cone, several unique phenomena and applications are presented in detail. However, in
this article a recently discovered novel phenomenon is presented near the Dirac frequency, when the Dirca-like
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cone degeneracy is lifted. The Three-band degeneracy is composed of a top band, a deaf band, and a bottom
band. Dirac-like cone is formed when these three bands are degenerated. It is found that there is no instance
along the frequency scale, when all the three bands are separated. Either top or the bottom band always remain
degenerated with the deaf band. Tracking their behavior when at least one band is lifted from the degeneracy at
a specific frequency, the topological phenomena emerge.

Here beyond the Quantum trio, a deaf band-based physics of a topological phenomenon is discussed in
acoustics. A spin controlled bulk conduction waveguide, keeping the edge state insulated, is demonstrated. With-
out any intricate artificial design, acoustic spin state could be naturally manifested which is shown in this article.
Periodic phononic crystals, called PnCs, are utilized in this acoustic design. In these cases, even when the spatial
symmetry is broken, time reversal symmetry is protected. This phenomenon is independent of the shape of the
PnCs as long as the degeneracy criteria between the deaf band and an upper band is satisfied. Encouraged by the
deaf band-based energy modulation, topological bulk conduction is achieved with negligible leakage. Hence,
this phenomenon is named ‘Topological Blackhole’ (TBH). Please note that the topological black hole is not to
be confused with the acoustic black hole, previously reported in the literature®-*.

Materials and method

First, two types of PnCs are considered namely cylindrical rods (Cr) and square rods (Sq) (Fig. 1a,b insets). The
PnCs made of polyvinyl chloride (PVC) were repeated in a square periodic media of air matrix having two-
dimensional periodicity. Fraction of the area of the phononic crystal made of PVC in a square unit cell made of
air is defined as the filling fraction (Fy). Applying block-wave theory of a periodic media the dispersion equation
was formulated®~*. Solving the appropriate eigen value problem (refer supplementary material section S.1) for
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Figure 1. (a) Band dispersion diagram for cylindrical PnCs (Cr) arranged in square lattice in air media. The
unit cell side, a=1 inch, with a filling fraction Fr=0.1169 with Cr crystals inclusion of radius, r=0.193a. Two
frequency regions of interests with three bands each, named as Top (T) Band, Deaf (D) Band and Bottom (B)
band, are plotted in colors (Green, red and blue respectively). Unit cell and PnCs distribution are shown as inset.
(b) Band dispersion diagram for square PnCs (Sq) arranged in square lattice in air media. Like (a), the filling
fraction of the PnCs inclusion has been kept consistent (Ff = 0.1169) in this case. (c) Shows how the normalized
frequency eigen value of the dispersion bands of interest changes at the I' point with varying size of the Cr
diameter i.e. changing the Fy. (d) Similarly shows how the normalized frequency eigen value of the dispersion
bands of interest changes at the I point with the increasing angle of rotation (angle of PnCs w.r.t angle of
incidence) of the square PnCs from 6 = 0°090".
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two different PnCs wave dispersion plots were generated. Figure 1a shows the band structure for a periodic media
with a unit cell made of Cr PVC rod in air media. Similarly, Fig. 1b shows the band structure of a unit cell with
a $q PVC rod in air media. In both cases with Cr and Sq crystals the filling fraction (Fy) of the unit cells were
kept constant, Fy=0.1169. Next how the Dirca-like cone behavior changes with varying geometrical parameters
were studied. Figure 1c shows how the frequency eigen value changes at the I' point with varying size of the Cr
diameter changing the Fy. Although the Fy are changed, the Cr geometry is still symmetric. This is not same when
the Sq elements are rotated keeping the Fy constant. Figure 1d shows how the Frequency eigen values change at
the I" point with varying angle of rotation of the Sq element. At Fy=0.0623 the equivalent Cr diameter equal to
0.1408a (a is the lattice constant) the Dirac-like cone is formed in Fig. 1c. Above this cutoff Fy the deaf band is
degenerated with a syncline top band. If the complete wave number domain over the entire first Brillouin zone
is considered, similar negative curvature is also true for the deaf band. However, the anti-symmetric deaf band
is almost flat near the center of the Brillouin zone. Figure 1d shows at an angle of rotation & = +7° the Sq ele-
ments created the Dirac-like cone when the spatial inversion symmetry is broken. For 6 between £7°and +83°
the deaf band remains degenerated with the top band. Near the close proximality to the Dirac-like cone both
the top band and the deaf band are syncline in nature, manifest curvatures with increasing wave number along
I' — XandI" — M over the first Brillouin zone. In both cases the above-mentioned TBH criteria is satisfied. Next,
using the finite element commercial software, wave fields were generated in the megastructure presented in this
study composed of both Cr and Sq crystals. All analysis in this article was performed in COMSOL Multiphys-
ics software**. Please note that no solid hard boundary was used in the simulations presented in this article. In
addition, please note that no non-reflection boundary or absorbing boundary conditions were used in the simu-
lation presented in this article. Figure 2a,b, shows the contained energy sink and the wave field inside a square
meta structure made of 41 x41 Cr crystals. At two different normalized frequencies close to Dirac frequency Cr
crystals satisfying the TBH requirement and generated the energy sink only inside the bulk and the edge state is
unperturbed with minimum leakage. Figure 2¢,d, shows the contained energy sink and the wave field inside a
square meta structure made of 41 x 41 Sq crystals. At two different normalized frequencies (same as Cr crystals)
Sq crystals satisfying the TBH requirements within the TBH zone, an energy sink is generated only inside the
bulk and the edge state is unperturbed with minimum leakage. It is shown that with and without spatial sym-
metry the TBH phenomena is persistent under certain conditions.

To prove that this topological state is protected against the space inversion symmetry (i.e. when the space
inversion symmetry is broken by rotating the Sq crystals), Figure Sla in supplementary document shows the
energy sink in a similar square meta structure made of 41 x41 Sq crystals when the crystals are rotated at
0 = +1°%6 = £4°60 = £6°and 6 = £10°, respectively. Although not shown the phenomena remains persistent
with rotation # = +15°. Fig. S1b identify the zone that carries the TBH phenomena. Collecting the frequency
of occurrence of the TBH phenomena at each angle of rotation Fig. S1c shows that they are not equal to the deaf
band frequencies, nor it is equal to the top band frequency. Please note that the frequency of occurrences of the
TBH phenomena is following the syncline curvature of the deaf band at an offset near the top band over the
parameter space (here rotational angle). Thus, it is concluded that the TBH phenomena is not solely due to the
antisymmetric deaf band which may appear to be true at first instance. But it is an effect that is superposition of
the top band and deaf band, which played a role through their abnormal polarity discussed in results.

Figure 3 shows the topologically protected wave sink where different shapes of the meta structure with Cr
or Sq crystals are used. Figure 3a shows the wave field in a meta structure made of similar 41 x41 Cr crystal but
17 x 17 elements from the middle portion of the slab was removed to make an annular ring. Figure 3b shows the
wave field in a meta structure made of similar 41 x 41 Sq crystal but 17 x 17 elements from the middle portion
of the slab was removed to make an annular ring. Figure 3c is created like a stair made of Cr crystals using the
unit cells mentioned in the figure. Figure 3d shows the field in an S shaped structure. The unique manifestation
of bulk energy sink is evident in two other shapes presented in Fig. 3e,f.

Results and discussions

Condition for TBH with the state of degeneracies at dirac-like cones

It was found that when the curvature of the upper band is syncline in nature, having negative curvatures over the
wave number domain, but the deaf band is almost flat near the center of the Brillouin zone, the TBH phenomena
prevail. Additionally, although the deaf band is almost flat near the center of the Brillouin zone, it might manifest
a curvature with increasing wave number alongI" — X andI" — M. Type of such curvature must match with the
top band curvature. That’s means the deaf band must also be syncline with slowly varying negative curvature
compared to the top band. When an anticline deaf band and an anticline bottom band with positive curvature
over wave number domain are degenerated, TBH criteria is not satisfied. An additional interesting phenomenon
was observed that a range of governing parametric may satisfy TBH state when the deaf band eigen frequency
curve has a negative curvature with respect to the parametric space. It is realized that a doubly degenerated state
formed at the I point may manifest TBH under certain circumstances.

All these states are linked to the spin states discussed as follows. Despite band diagram and the syncline
requirements, the TBH phenomena can be explained using the polarity of the wave modes and how does they
contribute to the local and global spin. It was found that the polarization of two energy modes degenerated at the
I point needs to be orthogonal to each other to achieve TBH. Such mismatched polarity results in an ambiguity
within the energy propagating through the PnCs, resulting in alternate spinning to allow the energy to be trapped
within. Changing the shape and size of the waveguide does not destroy the TBH, confirming high robustness
of the system. Thus, TBH is topologically protected. Regardless of any defects inside the meta structure made
of PnCs array, the topological behavior persists when excited at the doubly degenerated frequency. Hence, the
energy trapping is independent of the impurities within the metamaterial made of PnCs.
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Figure 2. (a)and (b) Spatial distribution of absolute acoustic pressure inside a 41 x41 matrix of cylindrical
PnCs with r=0.193a. The boundary of a waveguide designed at the left of the PnC matrix is actuated at the
frequency (o = 0.223(2w¢/a)andw = 0.224(2m c/a)respectively) and the energy seamlessly remains contained/
trapped within the periodic media, keeping the edge topologically protected. Such a phenomenon is extremely
unique, where an energy sink develops within the periodic media, keeping most of the energy trapped in the
bulk. Increasing the actuation frequency results in multi-modal energy trap keeping the edge state almost
unperturbed or intact. No or almost negligible leakage through the edge is observed, making it a perfect energy
sink, or an acoustic topological blackhole (TBH). (c) and (d) depict similar phenomena using square PnCs
(b=0.342a). For both the cases, the topological edge state remains undisturbed.

Anomalous polarity and SAM
Anomalous polarity and its effect on wave propagation can be found in Ref****. Wave polarization in acoustic
waves is associated with the longitudinal wave modes. Acoustics in fluids (liquid or gas) do not support trans-
verse waves, and thus the transverse wave modes do not exist. However, in TBH it is found that the polarization
of the acoustic wave field, and its spin plays a critical role. Although acoustic phonons do not support spin, the
polarized vector field at the state of TBH is found to defy this notion. Global velocity under TBH state has an
inherent polarity that changes over time. The polarized velocity continuously rotates first in clockwise and then
anticlockwise directions. Global spin of the acoustic field is calculated and is found to be counterintuitive. Total
wave field from time-domain analysis in the meta structure with Sq crystals (b = 0.342a,6 = 9.7°) is integrated
to find the resultant velocity vector at any instant. Although not shown, similar is true for meta structure made
of Cr crystals. While entering the metamaterial made with Cr or Sq crystal matrix, acoustic phonons associated
with the deaf band and the top band naturally initiates the local micro-spin (not by creating specific articulated
metamaterials?®~*?), which globally forms a wave sink, where the wave appeared to be trapped inside a blackhole
without any escape. This phenomenon is topologically protected.

As discussed earlier, the TBH frequency is very close to the degenerated frequency of the deaf band and the
top band. Near the T point of the BZ, cross section of the normalized equifrequency contours (EFC) at TBH
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Figure 3. Robustness of the TBH phenomenon is confirmed here in. Varying the waveguide shape by changing
the PnCs distribution it was observed that the TBH remains intact and undisturbed, keeping the energy sink
within. TBH is visible in (a) and (b) Square ring-shaped matrix using cylindrical (Cr) and square (Sq) PnCs
respectively, further it shows (c) the energy sink in a step shaped wave guide, (d) in a S-shaped wave guide, (e) a
H-shaped meta structure, and (f) a U-shaped matrix. The number of unit cells used to compose the structure are
shown in respective images.

frequency are plotted in Fig. 4a. The red EFC belongs to the deaf band and the blue EFC belongs to the top band
from the band structure. Figure 4b shows the equifrequency surfaces (EFS) of both the bands (deaf and top).
Figure 4a also shows the polarity (6,) of the real and imaginary part of the velocity vectors. The polarization
vectors are illustrated with arrows at each wavevector direction at an interval of 6 = 1°. If the polarities at the
intercepts of normalized EFCs are not aligned, a non-trivial anomalous polarity emerges. Figure 4c portrays the
polarity ambiguity for the deaf band and the top band, having orthogonal polarities at the junction of intercep-
tion. However, with close observation (Fig. 4a) it can be found that the polarity of the real part of the velocity
of the deaf band and the top band are always orthogonal for all possible directions of wave vectors. Next, to
characterize the wave polarity with respect to the direction of the wave vector k, a new parameter called polarity
differential (6)) is created. The polarity differential for each wave mode (top, deaf) is calculated by subtracting
the wave propagation angle (k) (i.e. the angle made by the wave vector k with respect to a reference plane) from
the angle of the direction of the particle motion or simply the polarization angle (6,) (obtained from the real
polarization vectors of the respective wave modes) with respect to the same reference plane. Figure 4d illustrates
the change of 6, of the two bands over one quadrant. Polarity differential seems to intercept at 0 = 45°. Such
merging of polarity validates anomalous polarization. How this anomalous polarity contributed to the local SAM
density as discussed in the following sections.

Local analysis for SAM

To visualize the force field instantaneous acceleration was calculated. After numerically solving the wave field at
TBH frequency, the local instantaneous accelerations, a; (xj, t) and a3 (x;, t) were collected. The resultant instan-
taneous acceleration at every spatial point was calculated using the following equation.

a(xj,t) = 1/(1%()61', ) + a%(xj, t) (2)

Spatial distribution of the instantaneous phase angle, 6;(x;, t) = tan™! (Zf gj 3

shows the instantaneous acceleration after 1.68 milli seconds over a unit cell made of Cr crystals. Figure 5(b)
shows the map of instantaneous phase angle 6; (between —90° to +90°) over a unit cell after 1.68 milli seconds
(refer supplementary material). From Fig. 5b it is evident that the vector field in four quadrants has negative

)was also calculated. Figure 5a
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Figure 4. (a) Polarization characteristics vectors (both real and imaginary) of normalized wave velocity (V;) in
reciprocal space are shown for both Deaf band (red) and Top band (blue), (b) Equifrequency contour of Deaf
band and Top band, (c) Polarization anomaly at the intercepted junction of both the bands of two EFS modes,
demonstrating the origin of the phenomena from the anomalous orthogonal polarity. (d) Anomalous polarity
is demonstrated plotting the polarity differentials from the polarization orientation plot of the Top band and
the Deaf band with respect to the wave vector angle on x-y plane with respect toI" — X direction. Only 0°t090°
orientations are shown.

divergence pointing to an energy sink like it is the case for a black hole. Such a state is at the confluence of oppo-
site spin of the vector field. Clockwise (CW) rotation represents spin down (—1/2) and counterclockwise (CCW)
rotation represents spin up (41/2) of the phonons. Although, the state of the sink at 1.68 milli seconds was
selected arbitrarily, such sink state is periodically occurring in a unit cell. To further understand if the spin exists
near the TBH frequencies, the local wave velocity components at different frequencies were calculated as v; (x;j, )
and v, (xj, @). Spatial velocity vector field was realized and the SAM density at every spatial point over several
frequencies at an interval of 5 Hz was calculated using the Eq. (3).

v(xj, a)) = [v1 (xj, a))v1 (xj, a))] ; s(xj, a)) = % (v|e IVT)

€)

Bl is called the spin operator. The unit of SAM is kg/(m.sec). Figure 5¢ shows the positive and

negative spin states that are present in a local unit cell orthogonal to the cell with wave incidence (refer supple-
mentary materials). A staked image is created for the unit cell in Fig. 5d consists of Fig. 5a—c to explicitly show
that the spin state in frequency domain and the energy sink in time domain coexists.

where o = {(1)

Global analysis of the spin
Further to explain the global spin state the global wave velocity components at different frequencies were calcu-
lated as v1 (xj, @) and v2 (xj, @) in a meta structure made of 41 x 41-unit cells (ref Fig. 2a,c). Next the SAM density
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Figure 5. A snapshot in time at after 1.68 ms (a) shows the superposition of acceleration vector field and

the surface distribution of instantaneous total acoustic acceleration field. It demonstrates how the vector

fields fluctuate over time continuously converge at and diverge from the center of the unit cell. (b) shows

the superposition of the surface map of the polarity of the vector field with the surface distribution of the
acceleration vectors with relative magnitude. (c) Shows the surface distribution of the local spin angular
momentum (SAM) density in a unit cell obtained from frequency analysis at the normalized frequency very
close to the TBH phenomena. (d) A stacked image shows the vector field and the local SAM density obtained
from time domain analysis and frequency domain analysis, respectively at TBH frequency from a unit cell. (e)
Shows a repeated plot from Fig. 2a and the compared side by side with a spatial distribution of the global SAM
density obtained from the same geometry of the crystal orientation. (f) A stacked image shows that at the TBH
frequency fully stable and self-balanced quadrupolar Spin-Up and Spin-Down state that are activated in the
metastructure made of PnCs.

at every spatial point over several frequencies at an interval of 5 Hz was calculated using Eq. (3). Differences
between the local and global spin state are obtained using coarser and finer elements, respectively. Thus, it helps
visualize the multi-scale spin state at TBH. Figure 5e shows the acoustic pressure field and the respective global
SAM density side by side at 0.223 normalized frequency where TBH was observed. A staked image is created in
Fig. 5f to show the spin up and spin down states that coexists in a quadrupolar fashion. Similar but multipolar
states are shown in supplementary materials at other frequencies that demonstrate TBH.

Next to explain the energy sink, integration of the components of the local force density over the entire bulk
media (41 x41 phononic crystals) was obtained with their respective polarity. Surface integral to achieve the
integrated net force field was,

Fg(t) = // pa(x;j, t)dx;;
r

F1 (1) =//pa1 (xj,1)dxjs Fa(t) = //paz(xj>f)dxj; O (1) = tan‘l(%)
1
r r

were, I' indicates the surface integral over the entire domain of the simulation. Global force field Fg(t) has its
two components F1 and F. The global phase of the wave field at any instant would be 6, () which determines
the polarity direction of the force field at an instant ¢. At each time step, the global force vector, Fg(¢) and the
orientation polarity, 6, (t) were calculated.

SAM at TBH

If a particle is arbitrarily placed at any location in an acoustic field and the particle rotates around the particle
center, then the particle is said to poses SAM. When the particle rotates around the center of the acoustic field
the particle is said to have the OAM which is not the case herein. In this case for TBH we believe the phonons
have SAM and do not have any SOI to demonstrate the following behavior. However, they have a local and
global spin coupling as shown in Fig. 5. It was found that the 6, (¢) continually changes from —27 and 427 (or
0 — 47) and then again from 42 and —27 (or 47 — 87) while oscillating the spin vector between up and down
spin. Figure 6 shows an arbitrarily selected sample segment of this event between 0 — 27 and 2w — 0 occurred
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t=1.713 ms t=1.726 ms t=1.742 ms t=1762 ms t=1.773 ms Spin down

t=1.855ms t=1.829 ms t=1.821ms t=1.796 ms t=1.795ms

T

Figure 6. Shows the instantaneous local acoustic velocity field with the calculated instantaneous field polarity.
Starting from 1.713 ms, the polarity encounters a CW rotation of 2rt at t=1.773 ms, depicting a Spin-Down state
in terms of acoustic spin, and then reverse the rotation in CCW starting from t=1.795 ms by 2m at t=1.855 ms,
depicting a Spin-Up state. Such cycle of spin up and down persists with time observed in transient study.

between t =~ 1.71msec and t =~ 1.85msec. It is concluded that the energy is trapped inside the Bulk media
due to counter interactive CW (down) and CCW (up) spins. The features of this spin mediation are due to the
modal anomalous polarity and switching between the polarity of the deaf band and the top band described in
Fig. 4. The counter propagating spins result in the bulk phenomenon of TBH effect. This is not the same as wave
vortices depicting OAM. Irrespective of topological charge wave vortices generally have a preferred direction of
propagation. However, in TBH the spins switch between CW and CCW continuously over time. This phenom-
enon inherently satisfies the anti-unitary property of the time-reversal operator.

To demonstrate the total global spin event, a segment (—27to + 2w CW or down spin and +2xto — 27
CCW or up spin) of the total spinning event of 87 is artistically depicted in Fig. 7a. Like passing over a closed
loop Mobius strip the CCW up spin flips to CW down spin att =~ 1.77msec. With a 27 rotation along the CW
direction, the polarity comes back to the initial state after t = 1.855msec. This circular polarization switches spin
between positive (CW) to negative (CCW), continuously as if the spin vector is passing over an Mobius strip and
acquiring a geometric phase. The spin due to circular polarization generates positive SAM. SAM results in shift-
ing the geometric phase from 0 to 47 for each full CW rotation and similarly generates negative SAM in shifting
the phase from 47 to 8. To demonstrate this situation a schematic is shown in Fig. 7b,c. A time axis placed on
top of the TBH system with velocity polarity helps understand the polarization over time. The circular polariza-
tion is projected to an extent for better understanding the polarity shift over the time in CW direction with a
total phase shift of 47. The initial time was 1.65msec for the arbitrarily selected segment. After the phase change
from 0 to 4, the spin flips att =~ 1.77msec. Next, the 6, (¢) shift backward, by rotating CCW and record a total
phase change from 4n to 0, att = 1.92msec. It’s like the resultant shift of polarity and its path takes 2 spiral stairs
rotating CW (0 — 4r) going down and 2 spiral stairs rotating CCW (4w — 8w or 4w — 0) going up connected
to each other at the phase of 47 on a manifold, and continuously repeating itself as shown in Fig. 7c. That is how
the wave energy forms a localized energy sink/whale, keeping the edge preserved. This unique SAM with zero
resultant phase change helps containment of the wave energy within the periodic bulk media. And that is how,
Topological Blackhole phenomena emerged.

Conclusion

A unique acoustic phenomenon, termed as topological blackhole, is discovered. The ability of gathering all
generated pressure wave energy inside periodic materials makes TBH unique. The containment of energy in the
bulk of the PnCs without minimal leakage through the edge state makes it a counter phenomenon of topological
insulators. This TBH is a dispersion band dependent phenomenon, and a unique state of deaf band degenerated
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Figure 7. (a) TBH yielding polarity phase shift from —2  to 21t (0—4mn) with CW spin (Spin-Down), and 21
to —2m (4n—8m) with CCW spin (Spin-Up) obtained from time dependent study, (b) and (c) illustrates positive
CCW spin and negative CW spin respectively with Spin-Up and Spin-Down state apparently crossing over the
point of inflection over a Mobius strip.

with a syncline top band, regulates the TBH behavior. Tailoring the PnCs unit cell and resonator size and shape
does not tend to affect the generation of the bulk harmonic modes of energy if abnormal polarity condition
between the deaf band and the top band is satisfied. Both frequency dependent and time dependent numerical
studies have proved that spin dependent topology is the reason behind such a unique state. Due to local and
global SAM inside the PnCs arrays the geometric phase shifts from 0 to 27t and then returns to 0 with counter
SAM. A map of SAM density is plotted to visualize this effect.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 7 November 2023; Accepted: 30 January 2024
Published online: 08 February 2024

References

1. Kane, C. L. & Mele, E. J. Quantum spin hall effect in graphene. Phys. Rev. Lett. 95(22), 226801 (2005).

2. Haldane, E D. M. & Raghu, S. Possible realization of directional optical waveguides in photonic crystals with broken time-reversal
symmetry. Phys. Rev. Lett. 100(1), 013904 (2008).

3. Wang, Z. et al. Reflection-free one-way edge modes in a gyromagnetic photonic crystal. Phys. Rev. Lett. 100(1), 013905 (2008).

4. Wang, Z. et al. Observation of unidirectional backscattering-immune topological electromagnetic states. Nature 461(7265), 772—
775 (2009).

5. Wu, C. Orbital analogue of the quantum anomalous Hall effect in p-band systems. Phys. Rev. Lett. 101(18), 186807 (2008).

6. Chang, C. Z. et al. Experimental observation of the quantum anomalous Hall effect in a magnetic topological insulator. Science
340(6129), 167-170 (2013).

7. Jotzu, G. et al. Experimental realization of the topological Haldane model with ultracold fermions. Nature 515(7526), 237-240
(2014).

8. Kane, C. L. & Mele, E. J. Z 2 topological order and the quantum spin Hall effect. Phys. Rev. Lett. 95(14), 146802 (2005).

9. Bernevig, B. A., Hughes, T. L. & Zhang, S. C. Quantum spin Hall effect and topological phase transition in HgTe quantum wells.
science 314(5806), 1757-1761 (2006).

Scientific Reports |

(2024) 14:3213 | https://doi.org/10.1038/s41598-024-53226-6 nature portfolio



www.nature.com/scientificreports/

10. Zhang X, et al., Topological sound. 1(1), 1-13 (2018)

11. Fleury, R, Sounas, D. L., Sieck, C. F, Haberman, M. R. & Ali, A. Sound isolation and giant linear nonreciprocity in a compact
acoustic circulator. Science 343(6170), 516-519 (2014).

12. Ni, X. et al. Topologically protected one-way edge mode in networks of acoustic resonators with circulating air flow. N. J. Phys.
17(5), 053016 (2015).

13. Yang, Z. et al. Topological acoustics. Phys. Rev. Lett. 114(11), 114301 (2015).

14. Skirlo, S. A. et al. Experimental observation of large chern numbers in photonic crystals. Phys. Rev. Lett. 115(25), 253901 (2015).

15. Ding, Y. et al. Experimental demonstration of acoustic chern insulators. Phys. Rev. Lett. 122(1), 014302 (2019).

16. Fleury, R. et al. Sound isolation and giant linear nonreciprocity in a compact acoustic circulator. Science 343(6170), 516-519 (2014).

17. Yang, Z. et al. Topological acoustics. Phys. Rev. Lett. 114(11), 114301 (2015).

18. Khanikaev, A. B. et al. Topologically robust sound propagation in an angular-momentum-biased graphene-like resonator lattice.
Nat. Commun. 6(1), 8260 (2015).

19. Zhang, Z. et al. Experimental verification of acoustic pseudospin multipoles in a symmetry-broken snowflakelike topological
insulator. Phys. Rev. B 96(24), 241306 (2017).

20. Siisstrunk, R. & Huber, S. D. Observation of phononic helical edge states in a mechanical topological insulator. Science 349(6243),
47-50 (2015).

21. Xia, J.-P. et al. Programmable coding acoustic topological insulator. Adv. Mater. 30, 1805002 (2018).

22. Xiao, D., Yao, W. & Niu, Q. Valley-contrasting physics in graphene: magnetic moment and topological transport. Phys. Rev. Lett.
99(23), 236809 (2007).

23. Raghu, S. & Haldane, F. D. M. Analogs of quantum-Hall-effect edge states in photonic crystals. Phys. Rev. A 78(3), 033834 (2008).

24. Pal, R. K. & Ruzzene, M. Edge waves in plates with resonators: an elastic analogue of the quantum valley Hall effect. N. J. Phys.
19(2), 025001 (2017).

25. Vila, J,, Pal, R. K. & Ruzzene, M. Observation of topological valley modes in an elastic hexagonal lattice. Phys. Rev. B 96(13), 134307
(2017).

26. Zhu, H., Liu, T. W. & Semperlotti, E Design and experimental observation of valley-Hall edge states in diatomic-graphene-like
elastic waveguides. Phys. Rev. B97(17), 174301 (2018).

27. Xu, C. & Moore, J. E. Stability of the quantum spin Hall effect: Effects of interactions, disorder, and ${\mathbb{Z}}_{2}$ topology.
Phys. Rev. B 73(4), 045322 (2006).

28. Wang, S. et al. Spin-orbit interactions of transverse sound. Nat. Commun. 12(1), 6125 (2021).

29. Long, Y. et al. Realization of acoustic spin transport in metasurface waveguides. Nat. Commun. 11(1), 4716 (2020).

30. Shi, C. et al. Observation of acoustic spin. Natl. Sci. Rev. 6(4), 707-712 (2019).

31. Bliokh, K. Y. & Nori, F Spin and orbital angular momentum of acoustic beams. Phys. Rev. B 99, 174310 (2019).

32. Bliokh, K. Y. & Nori, E Transverse spin and surface waves in acoustic metamaterials. Phys. Rev. B 99, 020301 (2019).

33. Helbig, Klaus & Carcione, José M. Anomalous polarization in anisotropic media. Eur. J. Mech. A Solids 28(4), 704-711 (2009).

34. Helbig, K. & Schoenberg, M. Anomalous polarization of elastic waves in transversely isotropic media. J. Acoust. Soc. Am. 81(5),
1235-1245 (1987).

35. Indaleeb, M. M., Ahmed, H. & Banerjee, S. Acoustic computing: At tunable pseudospin-1 Hermitian Dirac-like cone. J. Acoust.
Soc. Am. 152(3), 1449-1462 (2022).

36. Indaleeb, M. M. & Banerjee, S. Simultaneous dirac-like cones at two energy states in tunable phononic crystals: An analytical and
numerical study. Crystals 11(12), 1528 (2021).

37. Indaleeb, M. M. et al. Deaf band-based prediction of Dirac cone in acoustic metamaterials. . Appl. Phys. 127(6), 064903 (2020).

38. Indaleeb, M. M. et al. Deaf band based engineered Dirac cone in a periodic acoustic metamaterial: A numerical and experimental
study. Phys. Rev. B99(2), 024311 (2019).

39. Romano, P. Q,, Conlon, S. C. & Smith, E. C. Investigation of contact acoustic nonlinearities on metal and composite airframe
structures via intensity based health monitoring. J. Acoust. Soc. Am. 133(1), 186-200 (2013).

40. Krylov, V.V, Acoustic’black holes’ for flexural waves and their potential applications. (2002).

41. Krylov, V. V. New type of vibration dampers utilising the effect of acoustic’black holes. Acta Acust. United Acust. 90(5), 830-837
(2004).

42. Krylov, V. V. & Winward, R. E. T. B. Experimental investigation of the acoustic black hole effect for flexural waves in tapered plates.
J. Sound Vib. 300(1-2), 43-49 (2007).

43. Bowyer, E. P. & Krylov, V. V. Experimental investigation of damping flexural vibrations in glass fibre composite plates containing
one-and two-dimensional acoustic black holes. Compos. Struct. 107, 406-415 (2014).

44, www.comsol.com, ed. C.M.v. 4.3. (Stockholm, 2018)

Author contributions

M.M.L first discovered the phenomenon, performed the analysis, prepared the first version of the figures and
prepared an initial draft of the manuscript; S.B explained the physics, performed analysis, revised the manuscript
based on explanation, prepared and revised the figures.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-53226-6.

Correspondence and requests for materials should be addressed to S.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:3213 | https://doi.org/10.1038/s41598-024-53226-6 nature portfolio


http://www.comsol.com
https://doi.org/10.1038/s41598-024-53226-6
https://doi.org/10.1038/s41598-024-53226-6
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:3213 | https://doi.org/10.1038/s41598-024-53226-6 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Spin resolved topological bulk state in acoustics
	Quantum trio
	Spin orbit interaction (SOI)
	Abnormal polarity
	Topological blackhole
	Materials and method
	Results and discussions
	Condition for TBH with the state of degeneracies at dirac-like cones
	Anomalous polarity and SAM
	Local analysis for SAM
	Global analysis of the spin
	SAM at TBH

	Conclusion
	References


