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Two components of vibrations L, SV,

half-space

One SH component of vibrations, layered
half-space

Two components of vibrations L, SV, plate

Two components of vibrations L, SV,

solid-solid interface
Two components of vibrations L, SV,
solid-liquid interface

One SH component of vibrations, metalized
piezoelectric half-space

One SH component of vibrations,
elastic-piezoelectric interface
One SH component of vibrations, interface

between conventional and metamaterial
elastic solid, SPP-like

One SH component of vibrations, interface
between conventional elastic surface layer
and metamaterial substrate - Lové-like




Direction of propagation

Fig.1.
Fig.2.

electromagnetic wave at a metal- dielectric
The concept of a surface wave:

Interface
elastic and/or electromagnetic wave

Dielectric constant
Plasmonic optical
NEIEHES

Newly discovered (SH) Surface Elastic Wave:
Elastic analogue of optical SPP waves

Drude’s model of dielectric constant € In metals:
w, = Plasmon angular frequency
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510 8. Cress-Section of the
Waveguide supperting the new.
proposed SH elastic surface Waves
propagating in the direction x,, With
exponentially decaying fields in the
transverse direction x.

Elastic metamaterial The mechanical displacement u;

half-space of the new SH surface elastic wave
2) IS polarized along the x5 axis.

s, (w)<0 p,>0

4
w, = Angular frequency of local oscillators

embedded in the lower half-space

2

w
5P (w) = sg - <1 — w—’;’) Drude’s model




Newly diIscoverearSHHsulface elasticiave prepagannegrattieNnteFacete = 0)
PEWEER ElaStICISEMIESPacE andimetamalenal elastic SEMI=SPACE

Mechanical displacement
Pure elastic ‘ sD = const > 0 4

half-space e ~d1%2
(v, = 1100 m/s — PMMA) v New SH acoustic wave

IS evanescent in the
transverse direction x,

Interface

\ ‘Sﬂl) 1/“(1)‘ [m*/N] Interface

Elastic metamaterial ‘ 544) (w) <0
half-space (ST Quartz) U3 X1

(fp, =1MHz ; vy = 5060 m/s) ‘

Direction of propagation
along the xq axis

544) (w) follows Drude’s model iny one SH component of mechgnlcal
displacement u; along the x; axis.




Fig.6.

Elasuc compliance sﬁ) (w)relranrelastc

metamaternal substrate fellows Drude’s

moedel.

Plasmoenic elastic materals.

Meta — In Greek means: after, beyond
E.g., Metaphysics = After Physics

As can be seen, the elastic compliance sﬁ) @)
IS negative in the range 0 < w < w,,.

Movement of material particles Is governed by
the equation of motion along with

the appropriate boundary conditions at

the waveguide interface.

Angular frequency w
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Fig.6. Elastic compliance sﬁ) (w) of an elastic
metamaterial substrate (half-space) as a function of
angular frequency w.
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15 ASSUMPUGRS:

a) HaliESpaces are: linear; ISeLOPIC, I0SSIESS ane NeMEYENEGUS

) THERENS NEe Varations along the Xz axis

c) absence of body forces:

\We started frem first principles: NEWTON'S second law: of dynamics: p = shear modulus

1/p® =53 1/u@(0) = s (0)

e~ 1%z Fig.7.

/ New SH acoustic wave
is evanescent in the
transverse direction x5

(1) =A-e 12 explj(k - x; — wt)]

(2) =B e®*2 explj(k - x; — wt)]

Constitutive equations (relations):

T13 = 1/544 0uz/0x

—

Direction of propagation
along the x4 axis

eszz

T3 = 1/544 0us/0x,




7y EgUiationsieimetioniVave e tation):

2,,(1,2) 2,,(1,2) 2,,(1,2) : : :
(6) 1 0%uz"™ _ 0%u; + 0”u; == | us is the mechanical displacement of the new
vi, 0t? dx? dx2 SH elastic surface wave

e 3. Boundany conaitions:

(2)
=T33

(7) Uz

x2=0

4. Dispersion equation (Eigenvalue problem)

/ (1)

S
C12 q1 s

(1) where:
q1=\/k2—p1a) S() and q, =\/k2—p w S()

Q(k,w) =0 = transversal wavenumbers

Implicit function of w and k

>0;q,>0andqg, >0 # Si (w) <0

(w)




ANALYAHCAILL SOLUIHONSE

(1) 7o \M?
fop=Fo/ (1 + S,4 /so) Surface plasmon
frequenc

1) DISpersion eguation
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Fig.8. Dispersion curve (angular frequency w _
as a function of wavenumber k 3) Group velocity: pifferentation of an implicit function 0

2 ()" - (Fw))

™ (2 (@) @) W dsgr @) | @ @ ) (558102 =52 @) 1)
25,4 S04 (@) (544 P2 — Sy (W) - pl) t WS, — g (544 - p2 — 25,y (W) -pl) +2 (344 (w)) > 5
@O\ _ (@
(544 ) S4a (@)

dw 1
vgr(w) = (E) = v, (w)




NEWIY-DISCOVEREDNSH) SUREACE ELASTIC\WAVE
VIECHANICALDISPEACENVIENIFBDISTIRIE UGN

New SH elastic
surface wave (

P1 Sﬁ))

Llayered Waveguide off the new.
. Shear Horizontal (SH)

roup Direction .
CLCLO el surface elastic wave

Elastic
half-space

. S(z)( ) EIastlc
22044 metamaterial

Mechanical half-space

displacement Fig.9.




Viechanical displaceEment off the new Wave

direction of wave
propagatlon

elastic
half-space

elastic
metamaterial
half-space

'
mechanical ,

displacement
Power flow

Poynting vector

lower metamaterial
elastic half-space

Upper pure
elastic half-space



POWESHOWARItRETNEW WaVEenWaveESUIae

elastic
half-space

Xz‘

P.(x,)="Time averaged
Poynting vector

_e+2CI2X2 %ﬂ_

elastic
metamaterial
half-space

1 . \ Complex PeyRtine
P, = —5[1'13(—]a)u3) | - , > / J
/ECLOr

1 1
P1upper(x2) = EAZ Ek(w) *w - exp(—2q1%;)
S44

k(w) - w - exp(2g,x,)

Pltotal(w) — f_ooo Pllower(xz) dxz + f0+oo Pluppe?‘(xz) dxz =

%Azk(w)-w-<;1 - — 1)

sii)(w) qz sﬁ) qi
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1) Phiasevelocity vy () =20
TOIF () = 05

Fig.11.
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v, [M/s]

Vgr [M/S]
1082.7
1034.0

782.2
9.45
0.61

Supper [mm]

6[0wer [mm]

ot [MM]

Ag[mm]

Remark:

Newly discovered SH
SuUrface elastic wave Is a
direct

analogue of the Surface
Plasmon Polariton (SPP)
TM electromagnetic wave

Fig.12.

Table.2.



EXUaenaina FEALURES @i thENNEVWAN aVE

1S Newly discovered ShstEiace elastic wWayveNor iNistan elastic
dneIegUe eIrthe Sur'f: ce Plasmoen Polartoni(SPPR) electromagneticiivi
WaVe propagating at the interraces dielectrcover metallic suostrate.
HEre, J\/ngrlr\J\JJg:) meets ELECITROIVIAGINE IISIVI

2. Ability: to amplity evanescent Waves

leld subwavelength acoustic imaging (resolution below the di

In the table below, we can observe a very useful advantage of the new elastic wave

i of the order of of the order of :
Table.3, | Soing the newly Resolution of the order of um
iscovered wave Wiy MHz

Using
conventional
elastic waves

of the order of of the order of
um GHz MHz not GHz

4. Breaking the diffraction limit

5. Wave trapping (zero group and energy velocity)
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- J.B. Pendry, Physical Review Letters, 85, No 18, (2000),
0.3 Negative Refraction Makes a Perfect Lens




NEWIV EISCOVEREM urJ SURCCETEISUIEC V] |
RFEIECOmMAUREUSI= SUlicCe Plasmoen Pelaiten (SRR WWaVve
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H,(x,)=magnetic u,(x,)=mechanical
field [A/m ] displacement
X4 %24 [m]
|TM model ;
dielectric elastic >H-mode
half-space H,(x,) half-space u,(x.)
> >
metallic elastic
half-space metamaterial
half-space

TM Electromagnetic Surface Wave

SH Elastic Surface Wave




Piect SttiimEISietVlieTRIeIIEn
[EnrERySIcali pPRERGIMER

<]
share a Qomrr o[ Viathematicall vieael
conesponad

a
=
L 3
(®
®
=
S~
@
@
=

ad

1. Newly discovered SHFEIastc Suriace Waves and
- F L - J_)

H
2. EIECiromagnetic Surace Waves o1 the Suliace

!

P

lasmoen Poelaniten (SPP) type

Analegies between Mechanics and Electromagnetism
Here: Newly discovered SH surface elastic waves bridge the gap betweer

MECHANICS and ELECTROMAGNETISM

-;
7

These two waves have the same:

. Fleld distributions
. Geometry of the waveguide

. Equations of motion

. Boundary conditions

. Dispersion equation

. Analogous analytical solutions
for field variables



IIVIEIMedeES (SPR)FEINECTIRONVIAGINETNISIV

HElmheltzZegiationresuitingsmemiviaxwell'Steguatio

IS DIEIECIHCIAlFSPACENTMOUES
d*H, , ,
> S Hi1E1 W™ - H3 = k- - H3 (13)
dXz

.r ﬁ'lc [ '% ‘C'C)ﬁ 3 - Odﬁ

d2H,
dxzz

3. Boundary conditions

SR ,legz((,())(,l)z y H3 = k2 . H3

a) continuity of 125 and H; atx, =0
€ dx,

4. Dispersion equation (Eigenvalue equation):

Where qi1 = \/kz — ﬂlgl(l)z

q; = \/kz — & (W) w?

+ 15y 0% s uz = k? - ug (17)

2
d U,3
2
d.X'Z

3. Boundary conditions

.. 1 d
a) continuity of — == and u; atx, = 0
Sa4 dX3

4. Dispersion equation (Eigenvalue equation):

2
+ p25i4)(a))a)2 cus = k? - uy

(

where: g, = \/kz — p1341)w2

qz; = \/kz - pzsﬁ)(w)wz
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SPP electromagnetic surface waves in

metal-dielectric waveguides

Property

Longitudinal electric
field

Transverse electric field

transverse magnetic
field

Dielectric function in
metal

Dielectric function in
dielectric
Magnetic permeability
in metal
Magnetic permeability
in dielectric

Wavenumber for

pa/p2 =1

Phase velocity of SPP
electromagnetic waves

Complex Poynting
vector in propagation
direction x;
Complex Poynting
vector in transverse
direction x,

Implementation

() = &(w) +&
)= & (w)
2 1E X H3
1=552 3
P, = —=E; X H3

New SH elastic surface waves in elastic
metamaterial waveguides

Implementation
T23
—T13
V3 = —jwus
sia (@)

(¢Y)
S44

P1

P2

Sia (@)

k@0=hj———————
Sia (@) + 5,

(2 (€]
S w)+s
vp(a)) = U1J—44 ( ) 44

sy (@)
P ! g
= ——T3V
1 2T13 3
P, = L g
2 = 2T23173

Property
Shear horizontal SH
mechanical stress

Shear mechanical
stress

SH particle velocity
U3 = aU3 /at
Elastic compliance in
metamaterial half-space

Elastic compliance in
conventional half-space

Density of metamaterial
half-space

Density of conventional
half-space

Wavenumber for

p1/p2 =1

Phase velocity of new SH
elastic surface waves

Complex Poynting vector in
propagation direction x;

Complex Poynting vector in
transverse direction x,

2l e COIESPONUENCEWENEEN
fieldivarableS eitnerS PP
WaVES propagating
I metal=dielectncwaveguides and
the prepoesed new SH elastic
SUlaCe Waves propagatngin
elastic metamaterial Waveguides.

r‘ly oy o L
=21eC1L (O adiriet



ANIGEIES REWVEEN EIASIOEYRIAMICS aRENEIECIHOEYRAANICS

1) VaEUSICIESSIC

\‘\')

INVaVES A€ geVEMEUVISSIMIIAFYPES GiWaVereguation

2) /ANclegIES PEWWEERINOSE WaVES ale VERArtititifana repeatedly resuliean tie muttial
EXPONT Ol IdEAS BEIWEER OPLICS aNd acEUSHES

~

WEER continues medjd, such as Surface Plasmon
If]

3) Sulface WaVes at INtEraces U
are highly impertant for modern optic

Polariton (SPP)

4 "U". 2 Modes ar narti al'ly Imy tant N the ontext ‘G“‘C'CC CC“ al quantun
classical-wave systems, which are currently attracting enormous attention

5) The equations for SH elastic waves in solid media also have a form compatible to

Maxwell equations (&, u) and also involve two medium parameters: the density and
mechanical compliance (p, S14)

6) Many acoustic and electromagnetic quantities (e.g., the Energy density, Poynting
vector etc.) have similar forms
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1) SINEVVA ICEIEIaSU WAV EMWASHECENUYAGISCOVERE UM IIAS UG UE PIOPERIES:
) GEERIYISUBWaVEIENYin~7/2Z0 IJHFJF'TFE'E O GEPLR (Jrsslmrg tRe difiraCtionHimit)
9) Igh CENCENTIAtion BIrENENgy N tHEVICINILy Githe guiding Suiace

C) VERY IOW PHASE and group VEIGCIIES TENAING 10 ZENON (17, fmrl Vg > 0510 = gy
d) Can BE USEd N hear-Tielarsubwavelenght acoustic imaging ana Superensing

2) Strict analegies between Mechanical waves and Electromadgneti
WaVves were found

gdeveloped.

4) Interdisciplinary connections between Mechanics (Elastodynamics),
Electrodynamics and Quantum Mechanics were identified

5) Nowadays, we observe a tremendous new development in Acoustic (Mechanical) waves

6) From Electrodynamics Mechanics = Metamaterials and Photonic (Phononic) Crystals
7) From Quantum Mechanics Mechanics = Topological Materials and Non-Hermitian Systems




IHIESEOEFOWWIN GV ENAIVIATHERIAIES WV ERIESSAB R CATNSIDY
UPOIDATE

Ol 3 ; : (0.
1) SPHNGICOMPIIANCERC(W) = Cp* (.I — ’,)

N !1);,‘,
2) Vlass density:  plw) = Pp* (1 — = )

3) Bulk-moedulus: B(w) = By -

4) Negative: elastic compliance: sy, (w) < 0'; papers:

a) Y. Lail et.al., Nature Materials, 10, 620, 2011;
b) X. Zhou, X. Liu and G. Hu, Theoretical & Applied Mechanical Letters, 2, 041001, 2012

5) Negative Young’s modulus E(w) < 0: International Journal of Engineering Science 150 (2020) 103231
S. Adhikari et al.,

6) Drude-like elastic compliance:

Saa(@) = sp - (




SPHRG-MAaSSIMEEENGiFaimechHanical FESERALe);

Fig.17.

Fig.16. Spring-mass model of a mechanical resonator

. . . Fig.17. Equivalent | d elastic compliance C
Co = 1/k spring elastic compliance. ' SEEL S IES | ol erf (@)

representing an overall behavior of the mechanical
resonator from Figure 16.

Cerr(w) = Drude’s model

Y(w) = Mechanical admittance
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2. WItRFEYatVe SUuiineSS: NEGAtVErSIOPE I thEllF SIFESS=SilialN EIAtORAS
5. WIth negauve compressiniity: 5'< 0

4. Dilatational’ metamaterialS: auXxetic metamatenals, PoISSon's ratio: = -
5. Pentamode metamaterials: G = 0, v = 0.5 — metafiuids
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Mathematics and Mechanics of Solids

10.1177/1081286517735695
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