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Boundary Reflections of Rolling
Waves in Cubic Anisotropic Material

Peng Zhang and Pai Wang *

Department of Mechanical Engineering, University of Utah, Salt Lake City, UT, United States

Rolling waves have unconventional circular polarizations enabled by the equal-speed
propagation of longitudinal and transverse waves in elastic solids. They can transport non-
paraxial intrinsic (i.e. spin) mechanical angular momentum in the media. In this work, we
analyze the rolling wave reflections and their effects on the non-paraxial spins in a cubic
elastic half-space with an elastically supported boundary. Reflected waves from both
normal and general oblique incidences are investigated. We show that, by adjusting the
stiffness of the elastic boundary, we can precisely control the spin properties of the
reflected waves, paving the way towards a broad category of spin manipulation techniques
for bulk elastic waves.

Keywords: spin, elastic wave, rolling wave, cubic material, metamaterial, wave reflection, free boundary, fixed
boundary

1 INTRODUCTION

Recent advances in mechanical and acoustic metamaterials have made it possible to manipulate the
general intrinsic spin angular momentum (Holanda et al., 2018; Zhu et al., 2018; An et al., 2020;
Burns et al., 2020; Riickriegel et al., 2020; Shi and Yang, 2020) carried by elastic waves in the bulk
(Long et al., 2018; Wang et al., 2018; Shi et al., 2019; Toftul et al., 2019; Long et al., 2020). Our
previous work (Zhang et al., 2020) demonstrated that, when longitudinal and transverse elastic waves
propagate at the same speed, rolling waves may emerge, carrying a spin that is orthogonal to, and in
general not parallel to, the wave vector. This is only possible in anisotropic materials that satisfies
certain equal-wave-speed criteria (Zhang et al., 2020). As the simplest anisotropic material
characterized by only three independent elastic constants, cubic materials have been investigated
in many studies (Stoneley, 1955; Borcherds, 1973). Thomas (1966) analyzed the longitudinal wave
velocity at different directions using orientation components, and Mielnicki (1972) studied both
longitudinal and transverse waves using approximation method. The bounds of elastic wave speeds
(Zuo and Hjelmstad, 1997), surface wave polarizations (Chadwick and Wilson, 1992), and
supersonic surface waves (Every, 2015) have all been the topics of an active line of research.
Benefited from the fast development in additive manufacturing technology, cubic symmetric
metamaterials can now provide us with a broader range of possible elastic constants (Favre
et al,, 2018; Tancogne-Dejean and Mohr, 2018; Lohmuller et al., 2019) even to the higher-order
elasticity effects, such as the compression torsion metamaterial (Frenzel et al., 2017; Wang and Liu,
2020), hyper-stress tensor with second-gradient elasticity (Weeger, 2021), and chiral-micropolar
metamaterials (Chen et al., 2021).

Although the stable propagation of rolling waves with non-paraxial spins have been demonstrated
(Zhang et al., 2020), effects of boundary reflections on the wave spin angular momenta have yet to be
investigated. The elastic wave reflection process is often both rich in physics and useful in
applications (Schoenberg, 1980; Bedford and Drumbheller, 1994; Vavrycuk and Psencik, 1998;
Lee et al, 2017; Chen et al,, 2019). However, studies on reflections from elastically supported
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boundaries of cubic materials are lacking. This further motivates
us to analyze the reflection of rolling waves in a cubic material
incident either normally or obliquely at such boundaries. The
present work fills the gap in understanding and predicting rolling
reflections and offers a new technique to manipulate the spin of
elastic bulk waves.

In this paper, we first review the general governing equations
for plane waves in an anisotropic medium. Next, the equal-wave-
speed criteria in cubic materials are derived. Furthermore, we
provide a general formulation for the spin angular momentum of
bulk elastic waves. Lastly, the normal and oblique incident rolling
waves are analyzed with different boundary conditions, where
both spin-preserving and spin-flipping phenomena may emerge.

2 PLANE WAVES IN ANISOTROPIC
MEDIUM

With consideration of long-wavelength limit (i.e. quasi-static
limit) only, we focus on the plane wave with wavelength much
larger than any micro-structure size, which implies the dispersive
behavior from geometry is negligible. The general bulk elastic
wave equation without body force is,

V~a=pﬁ, (1)

where ¢ is the stress tensor and u is the displacement vector.
The general solution of plane waves is

u=uyexpli(k-x— wt)], 2)

where u, denotes wave amplitude, and k the wave vector. We
consider a plane wave propagating along an arbitrary direction
specified by the unit vector,

l; = llel + lzez + l3e3, (3)

where [}, b, I; are direction cosines, and e, e,, e; are the standard
orthonormal basis vectors of Cartesian coordinates. Then, we
have

k = kk, (4)

where k is the wavenumber.
The time derivative of eq. 2 gives us,

3 u = —iwu. (5)
With the definition of a matrix L,
L 0 0 0 L L
L= < 0 lz 0 l3 0 ll ) (6)
0 0 L L L, O

We have the spatial derivative in Voigt notation (Carcione,
2007),

V = ikL. @)
Combining the above equations, we arrive at

KT -u = po’u, (KTyu; = pw’u;) (8)

Rolling-Wave Reflections in Cubic Material

where

r=L-C-L", (T = LyCyLy) 9)

is the Kelvin-Christoffel matrix.
Here, we consider the phase velocity v and its amplitude, wave
speed v given as,

v=vk, v=— 10
p (10)
Then, we obtain the governing equation for bulk elastic wave
speeds in a general anisotropic material,

F~u—pv2u=(F—pv21)-u=0. (11)
The expressions of elements in I' are given below as,

Ty = Cull + Cels + Cssls + 2Cseb by + 2Cishls + 2Ci6hi s,

Ty = Ceols + Coals + Cuull + 2Coalyly + 2Cuh 1y + 2Co6hi 1,

T35 = Csslh + Culs + Casls + 2Cyub by + 2Cssh s + 2Cysh b,

Iy = Clslf + Cz(,li + C4sl§ + (Cy6 + Cos)bls + (Ciy + Csg)l s + (Ciz + Cee)li b,

= C15l§ + C4GI§ + C35l§ + (Cis + Csg)bols + (Ci3 + Css)li s + (Cua + Csg)i o,

Iy = Cssl? + C24I§ + C34l§ + (Cuy + Ca)bls + (Cs6 + Cus)li s + (Cos + Cug)li b,
(12)

where C;; are components of the stiffness matrix in Voigt notation
(Carcione, 2007).

3 CONSTITUTIVE RELATION OF CUBIC
MATERIALS

Next, we focus our discussions on cubic materials characterized
by the cubic crystallographic point groups. As illustrated in
Figure 1, the symmetry conditions include four axes of three-
fold rotational symmetry that can be identified with the body
diagonals of a cubic unit cell (Biickmann et al, 2014
Dirrenberger et al, 2013; Authier, 2003). Rather counter-
intuitively, this symmetry requirement does not include any
axis of four-fold (90 degree) rotational symmetry (Ashcroft
and Mermin, 1976, p. 121). The stiffness matrix of cubic
material is given as (Authier, 2003; Norris, 2006; Zhang et al.,
2020),

Ci Cn Cyp O 0 0
Cll C12 0 0 0
C(Cubic) = Cu C(i ) 8 8 , (3 constants)
Sym C44 0
Cu

(13)

For waves propagating along the z-direction, the direction
cosines are

ll = 0, lz = 0, 13 =1. (14)
Then, the Kelvin-Christoffel matrix components become,
Ip=Tp=Cy I'3=Cy, Ia=T13=Tx=0. (15)

Therefore, the governing eq. 11 becomes,
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FIGURE 1 | The symmetry requirement for cubic materials: Body
diagonals (orange solid lines) of a cubic unit cell serve as the four axes of three-
fold rotational symmetry. They are the sufficient and necessary conditions for
the cubic crystallographic point groups. On the contrary to some

common misconceptions, cubic materials do not need to have any four-fold
rotational symmetry.

0 =T-pD)-u
Cyy — pv2 0 0 u; (16)
= 0 C44 - p‘V2 0 . U |.
0 0 Ci - PV2 Us

We note that u; represents the longitudinal wave, while u; and
u, represent the transverse waves. Therefore, from eq. 16, we
obtain the longitudinal and transverse wave speeds as,

VL = @> Vr = %- 17)
\Jp \Jp

Thus, for waves traveling in the z-direction of a cubic material,
in order to have a rolling wave with non-praxial spin polarization
(Zhang et al., 2020), we need the equal-speed criterion:

Cn = Cy. (18)

By symmetry, for the waves propagating in x— or y—direction,
the equal-speed criterion is exactly the same as eq. 18.

4 INTRINSIC SPIN ANGULAR MOMENTUM
OF BULK ELASTIC WAVES

To calculate the spin density of the bulk elastic waves, we consider
the displacement field of a general plane wave u=
uexp[i(k - x — wt)] with

Rolling-Wave Reflections in Cubic Material

m
ﬁ=<n>. (19)
)

Importantly, here m, n and [ are complex-valued, so that they
contain the information not only about amplitudes but also about
the relative phase differences among displacement components of
the traveling wave. The spin angular momentum density, as a
real-valued vector, can be calculated as (Berry, 2009; Long et al.,
2018; Burns et al., 2020):

s:% <ilSla> :%Im[ﬁ*xﬁ], (20)

where (-)* denotes complex conjugation, and the spin-1 operator
is a third-order tensor defined as

“ 00 0 0 0 i 0 -i 0
S={{o o -i|,{o oolf[i o o]l
0 i 0 -i 0 0 0 0 0

Hence, the spin density for a general traveling wave is

n*l
s =pwIm ( *m > (22)
m*n

We note that the above formulation makes physical sense only
if all displacement components propagate at the same wave speed.
Particularly for cubic materials, the equal-speed criterion eq. 18
needs to be true. In this case, we can have stable propagation of
spins pointing at any direction by adjusting the complex
amplitudes m, n and L This can be realized by simply
changing the relative phase differences. Hence, the direction of
the spin vector s can be completely independent from the
direction of the wave vector k.

5 NORMAL INCIDENCE AND REFLECTION

We now investigate normal reflections of a rolling wave at a
general elastic boundary. This serves as an example non-paraxial
spin manipulation. Considering a rolling wave along the z-
direction normally incident on a flat surface, we have the
instantaneous wave displacement fields at time ¢ = 0 as u' =

it exp (ikz) and u® = #® exp (—ikz) with

m' m®t

= and @ ={ n® |, (23)

I ®
where the superscripts, I and R, denote the incident and reflected
waves, respectively.
For the displacement with small amplitude, the linear strain
terms are dominant. In this case, by neglecting higher-order
strain terms, the strains can be calculated from displacements by

1 .
&j = 5 (wij +uy),  Lj=xyz (24)

where the comma <"
operation.

in subscripts denotes the derivative
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The reflection occurs at z = 0. So we have ¢*? = ¢ *? = 1, and
the strain vector in Voigt notation becomes

£ 0 o 0
S A n
| & || Tik R_| e || Tk
&= 2, | | Ak [ € 2, -nfik | 25
ZgLZ mlik 2552 —mRik
2£Ly 0 Zsij 0
The cubic constitutive relations are
Oxx Chi Cao Gy O 0 0 Exx
Oy Co Cu Cp 0 0 0 &y
Oz | _ Cn Cun Ci 0 0 0 &2z
(4 vz 0 0 0 C44 0 0 Zsyz
Oy 0 0 0 0 Cyu O 2¢,,
Oyy 0 0 0 0 0 C44 sty
(26)

It is easy to compute the stress components for incident and
reflection waves, respectively:

T Collik oy —Cplik

a,, Cy,llik ay, —CplRik

a% _| culik on | _| -Cultik 27)
7, Cun'ik oy, —CunRik

aixz Cum'ik ot —Cumtik

Oy 0 o')l;/ 0

For a elastically supported cubic half-space, the boundary
conditions are

0 _ 0 0 _ 0 0 _ 0
o, =K, 0, = Kyuy, o, =K.u,. (28)

where (K, K,, K_) are components of the distributed stiffness per
unit area (Zhang et al., 2017) representing a general elastic
foundation supporting the solid surface, and the total stress
and displacement are

0 _ I R 0 _ 1 R o _ 1 R

O =0, +0,, 0,=0,+0,, 0,=0,+0,. (29)
o_ 1, R _0_ 1, R 0_ 1, R

Uy = Uy U, Uy =U + U, U, = U, U, (30)

Substituting the displacement and stress components into
elastic boundary conditions, we get

Cum'ik — Cyymtik = K, (m' + m®), (31)
Cun'ik — Cyntik = K, (n" + n*), (32)
Cy, ik — C Rik = K, (I + I?). (33)

Solving the above system of equations, we obtain

Cuik — K,
R 44 X 1
B 34
Cuik+ K, (39
Cuik — K,
R _ 44? Y (35)
C441k+K},
Cpik - K
R 11 z 11
i s 36
Cuik+ K, (36)

Rolling-Wave Reflections in Cubic Material
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FIGURE 2| The complex-valued amplitude ratio of normal reflection, R,
is determined by the boundary-bulk stiffness ratio, K/C+4, and wave
number k.

Because of the equal-speed requirement of rolling wave (C;; =
Cyy), the amplitude of reflection wave becomes,

mt =R, n® = Ran, R =R, (37)
with the generalized amplitude ratio of normal reflection given as

_ Cuik-K;

= J=X% )2 38
J C111k+1<] ]=%)2 ( )

We can also write in the form of a reflection matrix (Zoeppritz,
1919; Ursin and Tjéland, 1996):

mt R, 0 0 m!
=0 R 0 |- A | (39)
® 0 0 R, I

with the reflection matrix R = diag (R, R); R;). This complex-
valued non-dimensional parameter R; is the key connection
between the incident and reflected waves and deserves further
analysis. We note that [Rj| = 1 is consistent with the fact that all
wave energy is reflected. Hence, we have

2K;/Ciik

R =¢* with :
' 1- (K;/Cuky’

tan ¢ = (40)

Here, the phase angle ¢ of R; corresponds to the phase
change during the reflection, and it dependents on the
boundary-bulk stiffness ratio K;/Cy; and the wave number
k, as shown in Figure 2. Therefore, by adjusting the elastic
stiffness at the boundary, one can manipulate the spin of the
reflected waves.

Although all properties of both the bulk and the reflection
surface are assumed to be independent of the incidence wave
frequency, here the reflection phase change can be frequency-
dependent, as the angular wave number k appears in the ratio.
The emergence of frequency dependency can be intuitively
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FIGURE 3| (A) Rolling wave reflections with normal incidence at a general elastic boundary. In all sub-plots, the incidence wave carries a spin angular momentum,
s'y = —1. Here s' and s" indicate the spin density of incidence wave and reflection wave, respectively. They can be calculated using the eq. 22. The reflection process is (B)
spin-preserving at the fixed rigid boundary, (C) spin-preserving at the free boundary, (D) spin-flipping at the fixed-free boundary, and (E) spin-flipping at the free-fixed

"D'g 914

o (g)
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explained by the role of wavelength during reflection. We note
from eq. 25 that k first appears in the strain calculations since, for
a given wave displacement amplitude, the strains in the
propagation direction, &, are actually inversely proportional
to the wavelength: Longer wavelength gives rise to a smaller
strain and vice versa. Consequently, the stresses, 0., and the force
acting on the boundary springs are wavelength-dependent as well.
If the boundary is supported by an elastic foundation with finite
stiffness per area, Kj, we have the following: At the low-frequency
and long-wavelength limit, the force per area acting on the
boundary, |0 |oc Cyik — 0. So, the boundary hardly moves,
and the incidence wave effectively “sees” a rigid surface; At the
high-frequency and short-wavelength limit, the force per area
acting on the boundary, |0 joc Ci1k — co. So, the boundary
moves a lot, and the incidence wave effectively “sees” a free
surface.

Next, we consider some special cases and focus on the in-xz-
plane rolling waves with #' = n® = 0. We note that the elastic
boundary condition degenerates into traction-free boundary
condition (Neumann type) when the boundary stiffness K; —
0. Then, the amplitudes of reflected wave become

mt=m', ®=1 (41)

Similarly, the elastic boundary condition degenerates into the
fixed rigid boundary condition (Dirichlet type) when the stiffness
K; — 00. Then, the amplitudes of reflected wave become

mt = —ml, R=-. (42)

In both cases above, by the definition of spin given in eq. 22, we
can conclude s® = s', as shown in Figures 3B,C. So, the spin is
unaffected by the reflection process.

In addition, for the fixed-free hybrid boundary (K, — co and
K, — 0, Figure 3D), we have

R=f = &=_g (43)

Similarly, for the free-fixed hybrid boundary (K, — 0 and K,
— 00, Figure 3E), we have

mR=ml, R=- = &=_g (44)

Thus, both hybrid boundaries will flip the spin for any incident
rolling wave.

Summarizing different cases for the normal incidence, we note
that, for K, — 0 and K, — 0, the boundary becomes traction-free

~R ~

(Neumann type) and we have u = u with no phase change. For
K, — oo and K, — 00, the boundary becomes rigid (Dlrlchlet
type) and we have an out of phase reflected wave with u o=-u.
In both cases, we have s = s', so the spin is preserved. In contrast,
for hybrid boundaries (K, — 0o, K, — 0) and (K, — 0, K, — 00),
we get s" = —s', so the spin is flipped due to the difference in phase
change between the longitudinal and transverse displacement
components during the reflection process.

Figure 3 illustrates the results using the example of an incident
rolling wave carrying a non-paraxial spin of s; =-1. The
reflection process is spin-preserving in both rigid and free
boundaries, while being spin-flipping for both hybrid free-
fixed and hybrid fixed-free boundary conditions.

6 THE OBLIQUE INCIDENCE AND
REFLECTION AT 45 DEGREE

Next we investigate the scenario in which the boundary plane is
oblique to the incident rolling wave at the 45° angle. We focus on
the incident rolling wave propagating towards the positive
z—direction,

e N (45)

lI
As shown in Figure 4A, the incidence angle here is a' = 45°.
Importantly, we note that, due to material anisotropy, the
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reflection angle(s) will not necessarily be equal to the incidence
angle. In fact, a single incidence wave, in general, may result in
multiple reflected waves towards different directions (Achenbach,
2012; Graff, 2012). Hence, the reflection angle(s) need to be
determined by a detailed analysis on boundary conditions and
material properties. In this case, we can write the reflection wave
as a general form in xz-plane,

mR

W= R

lR

eikR [cos (0)x+sin (6)z] (46)

where 6 is the angle of wave vector with respect to the x-axis. It
follows that the reflection angle can be expressed as a = 6 + 45°, 6
€ (~45°, + 45°).

Next, we look into the general conditions for rolling waves
propagating in the xz-plane. The normalized wave vector, as
given in eq. 3, is now characterized by cosine directions [, = 0 and
I} + 2 = 1. The element expressions of matrix T become,

r, = Cnlf + C44l§>

Iy = C44>2 R
I35 = Culy + Cu,

47
I, =0, ( )
I3 = (Cp + Cuhs,
r23 =0.

Therefore, the governing eq. 11 becomes,
0 =T-p¥*D)-u

Clllf + C44l§ - sz 0 (CIZ + C44)lll3
0 Cu — pv* 0

u;

. u .

2 2 2 < . )
Culi + Cily — pv u3

(48)

(Ciz + Cu)hil 0

Combining with the equal speed criterion in eq. 18, i.e., C;; =
Cy4, We obtain

0 =T-p*D)-u
Ch - PV2 0 (Ca + Cihk U
= 0 Cy - pv* 0 S Uy
(Ciz + Ci)L L 0 Cy - PV2 Us
(49)

This shows that the in-plane waves (u;, u3) are in general coupled
together, and the out-of-plane wave u, is decoupled from the two
in-plane polarizations.

For non-trivial solution to exist for in-plane wave velocities in
eq. 49, the determinant must vanish. This leads to the following

p2V4 - 2C11PV2 + C?l - (C]z + C]])Zl%lg =0. (50)

This is a quadratic polynomial with respect to v*. It has the
discriminant as A = 4p*(Cy, + Cn)zlfl2 >0, and the roots are

5, Cu £ [(Cyp + Gl
v = .
P

(51)

For any linear material to be statically stable, it needs a positive
strain energy function, and hence a positive-definite stiffness
matrix (Ting, 1996), which leads to the following conditions:

Rolling-Wave Reflections in Cubic Material

Cu >0 and —CM <C12<C11 (52)

Then, in order to determine the reflection angle(s) in this case, we
apply Snell’s law for reflection

o' w®
—Isin((xl) = —Rsin(ocR). (53)
v v

Here, the incidence angle is o' = 45°. Combining it with ' = @®
and V! = 1/C11/p, we arrive at

1 sin (aR) _ sin (0 + 45°) (54)
V2Cii Cyy £1C + Cullily  +/Ciy £ [Cyy + Cillls
with the cosine directions,
I, = cos(0),; = sin(0). (55)
Further simplification gives us,
sin(0)cos (0) (2Ci; £ |Cy; + Cpa]) = 0. (56)

For 6 € (-45°, + 45°) with the positive-definite conditions of eq.
52, the only solution to above equation is

=0 (57)

which implies & = 45°. Therefore, there can be one reflection wave
vector only, and the reflected wave will propagate along x-direction
at the speed " = v\, Hence, we can rewrite the reflection wave as,

mR

R
uR — T’lR elk X
lR

with kR = k% (58)

For brevity, denoting the wave number as k' = k® = k, we
obtain

ml mR
uI — nI elkZ, uR — T’lR elkX. (59)
I I

The corresponding strain wave amplitudes are

1 R

S)ch 0 Salc{x lek
k¢ Q :
1 szz l lk R ezz 0
£ = = . , € = = . (60
2, n'ik 2, 0 (60)
2¢! m'ik 268 ik
ZSL), 0 ZsXRy ntik
And the stress wave amplitudes are
I R
U)ch Clzllik Oﬂ)f{x CumRik
G)I/y Clzllik 0')1/{)/ Clszik
Glzz — Cllllik O-f{z _ C]szik (61)
0, Cun'ik | | o, 0 ‘
O‘LZ Cumlik O‘EZ Canik
o Ly 0 o 5}/ C] 1 l’lRik

To analyze the normal and transverse elastic boundary
condition, we introduce a local coordinate system x' = Wx
specified by the transformation matrix,

Frontiers in Mechanical Engineering | www.frontiersin.org

August 2021 | Volume 7 | Article 704192


https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Zhang and Wang

Rolling-Wave Reflections in Cubic Material

reflected wave has an elliptical rolling polarization.

FIGURE 4 | (A) lllustration of rolling wave reflections at 45° incidence. In all sub-plots, the incidence wave carries a spin angular momentum, s'y = +1. Here s'and s
indicate the spin density of incidence wave and reflection wave, respectively. They can be calculated using the eq. 22. The reflection process is (B) spin-preserving at the
fixed rigid boundary, (C) spin-preserving at the free boundary, (D) spin-flipping at the fixed-free boundary, and (E) spin-flipping at the free-fixed boundary. Note that the
free boundary in (C) has the specially effect of giving rise to an additional linearly polarized reflected wave. Although the spin is still exactly preserved, the overall

cos(p) 0 sin(g) 1 0 1
v-[ o 1 o0 )-2([0 vz o] @&
—sin(p) 0 cos(¢) 2 -1 0 1

where the ¢ = 45° as shown in Figure 4.
The general elastic boundary conditions in the local
coordinate system are

0o _ 0 0o _ 0 0o _ 0
0, =K, Opy = Kyruy,, 0,, =Ku,. (63)

where (K, K, K1) are components of distributed stiffness per
unit area, and

@, =0, +0%, o, =0 +0%, 0% =0\, +0%,. (64)
z'x z'x z'x z'y z'y z'y z'z zZ'z zZ'z
WO =ul W =ul R, Wl =+ R (65)
X X X y y y z z Z

are components of total stress and total displacement on the
boundary surface.
We next perform coordinate transforms using

d=Y-0-¥', w=¥-u (66)

In the local coordinates, x', we obtain

ik (Cu+ C)l'+2Cym'  V2Cyn! (Ch—C)lt
ol== V2 Cpynt 2C,1 V2 Cyn! ,
(Cii— Clz)lI V2Cun'  (Cyy + Cp)l' = 2C,m!
(67)
'+ m
2
W=V ). (68)

I — !

Similarly, the local stress and displacement of reflection
wave are,

ik (Ci + CIZ)mR +2C,° V2GR (Ci, — Ciy)m?
ot = 3 V2 CynR 2C;,m} -2 C;ymR s
(Ciz = Ciy)m* -V2Cyn®  (Cy + Cp)m® —2C, I}

(69)

R+ mt
2
u = —\;— V2n® . (70)
R —m®

Substituting the stress and displacement components eqs 67 —eqs
70 into the boundary conditions eqs 64,65, we obtain

i 2
% [(Cii = C)I' + (Cpp = C)m®] = Kx'g I+ m' + *+mP),
(71)
ik~/2
V2 [Cyn' = Cyn®] = Ky' (n' +n), (72)
ik
% [(Cy + Clz)lI - 2C11mI + (Cpy + C12)mR - 2C11lR]
2
=K, \g_ (I'-m' + R -mP). (73)

Then, we can solve the system of eqs 71-73 for the complex-
valued amplitude components of the reflected wave:

f Koo —K) - (Ko +2C0) (e - K) |1+ 2K K,m!

m -
K, (K, +x,) + (K, +2C03&) (k- + K)
(74)
£Cu-K,
n® = \i/z—lliynl) (75)
\TZ—CH + Ky'
R 2k, = K K+ [(Ky = 2C0E) (k- + Kp) = K, (k, + K,) ]!
Ko (K, +x,) + (K +2C05) (k- + K,) ’
(76)
where
ik ik
+=—=(C1 +C), k. =—4(Cy; — Cpy). 77
K. \/5( 11 12) K \/E( 11 12) (77)

We can also write in the form of a reflection matrix (Zoeppritz,
1919; Ursin and Tjéiland, 1996).
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of clearly demonstrating differences in elliptical eccentricity.

FIGURE 6 | In the oblique reflection at 45°, elliptically rolling polarizations of the reflected waves from the free boundary may appear due to different material stiffness
constants Cy4 and Cy». An incident spin which is the same of that shown (A) is assumed throughout. (A) also represents the purely circularly rolling polarization for C, =
-1. (B-F) show the elliptically rolling polarizations for the cases of C, = -0.5, C,=0, C,= 0.5 and C, = 1, respectively. Note that all polarizations are scaled for the purpose

mR Rmm 0 le mI
= 0 R, 0 |-| a | (78)
R Ry 0 Ry I
where
R - 2K, K,
mm — D
R - K,k — K x, + V2Cyik(x. — K,)
ml — D
ik
= C11 -K,
2 V
Ry = % (79)
ﬁ Cy + K,
R - K, x_ - K.k, — V2Cik(x. + K,)
Im = D
R — 2(x,k- — K,K,)
i D

with denominator D = K, (K, +x,) + (K, + 2C11\i/—’§—) (k. + K,).
We note that R,; # Ry, which means that the complex-valued
reflection matrix is not Hermitian. A closer scrutiny reveals that the
amplitudes of R,,; and Ry, are always the same. The two complex-
valued reflective coefficients only differ in their phase angles.

We also note that the term R,,,, for the out-of-xz-plane wave is
independent and very similar to the normal incidence scenario, as
shown in eqs 38,40 and Figure 2. All other terms in eq. 79 are
illustrated in Figure 5 to show how they change with the wave
number, k, and the boundary stiffness ratio, K,//K,. We observe
in Figure 5B that both R,,; and Ry, shows a phase jump of 180".
This is because of two reasons: 1) The small wave number k =
0.001 leads to the fact that both R, and Ry, are almost purely
imaginary; and 2) At the boundary stiffness ratio of K,/K,» = 3,
values transition from a negative imaginary number to a positive
imaginary number. This results in the 180" phase jump.

Clearly, the out-of-xz-plane wave n" only depends on n'":
n=n' for K, =0, (80)

nt =—-n' for K, =oo. (81)

The four extreme cases for in-xz-plane wave polarizations are:

Case I (Figure 4B), K,y — 00, Ky — oo:

mt=-ml, R=-], = sR=4. (82)

Case II (Figure 4C), K,y — 0, K, — 0:

o+ <C11 + CIZ)
Cy

=-m+1Q+C)m*t = (83)

mR:lI, lR:

with C, = C,,/Cy,. Here, the second term in I is associated with 7,
and m" = I'. So, this term does not have any contribution to the
circularly rolling polarization, and it gives rise to an additional
linearly polarized wave. Consequently, the spin is still exactly
preserved, but the overall reflected wave has a elliptically rolling
polarization.

Case III (Figure 4D), K,» — o0, Ky — 0:

mt=-I F=-m' = = (84)

Case IV (Figure 4E), K, — 0, Ky — 00:

R

m=lI,lR_ 1 R I

=m = s =-s. (85)

As illustrated in Figure 4C, the results in eq. 83 for Case I are
special and remarkable. The reflected wave from the free
boundary is different from all other cases. However, the
reflected spin density is indeed still the same to that of the
incidence wave. The reason is that the additional term in I
does not contribute to the circularly rolling polarization. To
further investigate this especially interesting case, we calculate
the polarization of reflected waves with different ratios of C, =
Ci,/Cy; and plot the result in Figure 6. Note that the ratios of C, =
-1 in Figure 6A and C, = 1 in Figure 6E are actually extreme
scenarios not attainable in statically stable materials due the
positive definite conditions listed in eq. 52.

7 THE OBLIQUE INCIDENCE AND
REFLECTION AT ARBITRARY ANGLE

Next, we look into the situation with an arbitrary incidence angle.
From Snell’s law eq. 53, we can obtain

sin(a') sin (aR)
VCi VCi £ (Ci + Gyl

where [; = cos(0), ; = sin(6). Noticed from Figure 4A that the
incidence angle is identical to the rotation angle, i.e., &' = ¢ and

(86)
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C,=-09.
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FIGURE 8 | The derivative of reflection angle «™ with respect to the incidence angle «'. (A) Whole range of C,, (B) Zoom-in range of C, with two zero roots.

then the reflection angle " = 71/2 — ¢ + 6. The reflection angle
a® is the solution of the transcendental equation depending
on the incidence angle «' and the material constant ratio
Cr = Clz/clll

V1

+ (1+C,) sin(a® + ol — 7/2) cos(aR + af — 7/2) sin (&) = sin (a®)
(87)

«,»

where “+” gives rise to two different reflected wave modes. In
general, those two modes have two different reflection angles.

Next, we numerically solve eq. 87 for the reflection angle a®
and illustrate the results in Figure 7. The points P; and P, in the
plots indicate the cases of the normal incidence and the 45°
incidence, respectively. Both cases have been thoroughly
discussed in previous sections. The next critical point P is
where the reflection angle a® — 7/2 for Mode 1. Plugging a"
= 71/2 into eq. 87, we obtain:

(1+C,)*sin® () + sin’ (a}) = 1 = 0. (88)

Thus, we arrive at the analytical solution of the above
equation,

VA | (89)

3 1 1
a;:arcsin ’—2+\/K+3—2—
2(1+C) 2(1+C)

with
1 1
A= 7+ >0
4(1+C,) 27(1+C,)

(90)

We know that, with A > 0, the cubic function always has one
real root and two complex conjugate roots. In this case, we can
only obtain one critical angle af. Therefore, we conclude that, for
incidence angle larger than the critical angle o}, the reflection
wave of Mode 1 will no longer exist.

Here, from eq. 52 we have the constraint —1 < C, = C,/Cy; <
1. Hence, we investigate all values of C, within this range and find
the following four representative scenarios for Mode 2 of the
reflected waves:

e For 0 < C, < 1, as shown in Figures 7A,B, we have one local
maximum (point P,) and no local minimum for Mode 2.
The reflection angle & will increase together with the
incidence angle o' until it reaches to the maximum at
point P,. Then, the anomalous trend appears, and the
reflection angle a® will decrease if we further increase the
incidence angle &'. Consequently, for Mode 2, we may have
two different incidence angles with the same reflection angle.

e For —0.149 < C, <0, as shown in Figures 7C,D, we have one
local maximum (point P,) and one local minimum (point
Ps). Remarkably, as shown in the inset of Figure 7D, we may
have three different incidence angles with the same reflection
angle for Mode 2. Also, we note that, with the decreasing value
of C,, point P, and point P5 move closer to each other.

e For C, = —0.149, as shown in Figure 7E, we have no local
maximum, no local minimum, but a saddle point (point Pg).
This saddle point Py is the result of point P, and point Ps
merging together.

e For -1 < C, < —0.149452 as shown in Figure 7F, we have a
monotonic curve for Mode 2. The reflection angle a® always
increases with the increasing incidence angle «'. And this is
the normal phenomenon generally understood.

In the first two scenarios listed above, we have the anomalous trend
phenomenon: The reflection angle «® does not have a monotonic
relationship with the incidence angle . This may provide us with
a new technique to control the direction of reflected waves.

Furthermore, we can take the derivative of both sides of eq. 87
with respect to the incidence angle a' and obtain the changing
rate of reflection angle a® of Mode 2,

da® [1 - LG sin (2a® + Zal)]sin(ZocI) - (1 + C,)sin*(a!) cos(2aR + 2al)

dot sin(2aR) + (1 + C,) sin® (a!)cos (2aR + 2al)

o1

We note that this derivative of a® with respect to the a' is the root
of another transcendental equation and rarely has closed-form
solution. Thus, we solve it numerically and plot the results in
Figure 8. The same four represented scenarios discussed above
can be easily categorized here as different number of roots of
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eq. 91. The results shown in Figures 7, 8 are consistent with
each other.

8 CONCLUSION

Cubic materials are anisotropic elastic materials that satisfy the
symmetry requirements illustrated in Figure 1, and their stiffness
matrix is given by eq. 13. If the equal-speed criteria for
longitudinal and transverse waves, as given in eq. 18, also
holds in a cubic material, then we can have stable propagation
of any spin angular momentum carried by bulk elastic waves. In
this paper, we focus on rolling waves, which have a spin vector
orthogonal to its wave vector, in cubic materials. We investigate
the reflections of rolling waves incident either normally or
obliquely at an elastically supported flat boundary. Behaviors
of spin-preserving, spin-flipping, and general arbitrary phase
shifts are shown by adjusting the boundary conditions. This
work provides a new approach to manipulating bulk elastic
wave spins. Several other key findings are summarized below:

1) For the normal incidence of rolling waves, the reflection is
spin-preserving at both the fixed rigid boundary and the free
boundary, while being spin-flipping at both the fixed-free and
free-fixed boundaries. Most generally, we can even introduce
the arbitrary phase shifts between reflection and incidence
waves by adjusting the elastic boundary conditions.

For oblique incidence at 45°, we prove that, contrary to the
general anisotropic case, there will be only 1 reflected wave
with a unique reflection angle of 45°.

With the 45° incidence, the reflection is spin-preserving at a
fixed rigid boundary, while being spin-flipping at both fixed-free
and free-fixed boundaries. The free boundary is a uniquely
special case here: While the reflection is still spin-preserving,
depending on the cubic material constant ratio, Cy,/Cy;, it will
also introduce an additional linearly polarized part. Hence, an
incidence wave with circularly rolling polarization will result in a
reflected wave with elliptically rolling polarization.

2)
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