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Reciprocity is a fundamental property of wave propagation in linear time-invariant media. However, it
is substantially harder to break reciprocity for elastic waves in a linear elastic system with the help of a
magnetostatic field, since elastic waves are spinless in nature. Here, we realize nonreciprocal elastic waves
in one-dimensional linear magnetoelastic phononic crystal slabs by an external magnetostatic field. The
asymmetric dispersion of spin waves, which is induced by the simultaneous breaking of the time-reversal
and spatial-inversion symmetries, results in an efficient elastic wave diode effect in a periodic system due
to magnetoelastic interactions. Remarkably, a bidirectional nonreciprocity of elastic waves is achieved
based on the folding-back effect of the periodic structure. Our proposed scheme opens up avenues for the
design of nonreciprocal devices, such as on-chip tunable diodes, rectifiers, and topological insulators.
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I. INTRODUCTION

Reciprocity is a generic feature in various physical sys-
tems because it is directly associated with the symmetry
of physical laws under time reversal. The breaking of
reciprocity is vitally important in numerous fields, such
as the control of energy flux [1–5], imaging technolo-
gies [6], and topological insulators [7–12]. For instance,
electrical diodes, as a typical nonreciprocal representative
in electronic systems, have already contributed to sub-
stantial scientific revolutions in many aspects, including
integrated circuits, lighting, and signal indication. Moti-
vated by electrical diodes, thermal diodes exhibiting a
rectifying effect on thermal energy are achieved in nonlin-
ear lattices [13,14]. Similarly, nonreciprocity in photonic
systems can be realized by many mechanisms, such as the
nonlinearity of the optical medium [15,16] and the mode
conversion [17,18]. Synchronously, the concept of nonre-
ciprocity further extends to phononic systems. The main
means to achieve acoustic nonreciprocity are based on the
nonlinearity of an acoustic material [2,3,19–22], the local
circulation of a fluid [6], and the space-time modulation
of acoustic characteristics [23–27]. However, the non-
linear approach introduces an inherently low conversion
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efficiency and other dynamic schemes have difficulties in
application at high-speed modulation or on the nanoscale,
which have severe limitations for practical application of
nonreciprocity.

The interaction between many subsystems, as another
excellent way to induce the nonreciprocity of classical
waves in linear static systems, is studied extensively from
optomechanical coupling [28–30] to acousto-optic cou-
pling [31,32]. Especially, the Faraday effect, which is
the polarization rotation of light after passing through a
medium in a magnetic field, is utilized to achieve optical
nonreciprocity in photonic systems [33–38]. Similarly, one
expects to extend the concept to phononic systems. For
acoustic waves, the conventional spin-orbital interaction
under a magnetic field cannot break the reciprocity due to
the intrinsic longitudinal nature of sound polarization. For-
tunately, the analog of the Faraday effect for elastic waves
is demonstrated in magnetic materials [39–41]. However,
the corresponding Faraday effect is so weak that the real-
ization of an efficient elastic wave diode based on this
phenomenon still remains an even greater challenge. It is
highly desirable to develop an efficient strategy for the
nonreciprocity of elastic waves in linear systems by an
external magnetostatic field.

The purpose of this article is to realize nonreciprocal
elastic waves in a linear static system. We develop a rig-
orous theoretical framework to describe the propagation of
spin and elastic waves in the presence of magnetoelastic
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interactions in one-dimensional (1D) linear magnetoelastic
phononic crystal (PC) slabs and calculate the correspond-
ing band structure by the plane-wave expansion method.
It is demonstrated that, due to magnetoelastic interactions,
the asymmetric dispersion of spin waves in the parity-time
symmetry-broken periodic system can lead to an efficient
elastic wave diode effect that is absent in the nonperiodic
system. Furthermore, we can tune in situ the frequency
of the nonreciprocity of elastic waves by simply changing
the value of the controllable external magnetostatic field
without altering the structure, which allows nonreciprocal
devices to operate within a wider frequency range.

II. MODEL AND THEORY

As shown in Fig. 1, the 1D magnetoelastic PC slabs
are constructed by stacking alternating layers A (marked
in cyan) and B (yellow) with the normal of their planes
parallel to the x1 axis. An external magnetostatic field,
H, is applied to the whole PC slabs along the x3 axis,
resulting in the time-reversal symmetry of the spin wave
subsystem being broken over the whole PC slabs because
magnetization precesses only clockwise around its equi-
librium direction in magnetized magnetoelastic materi-
als. Due to magnetoelastic interactions, the time-reversal
symmetry of the elastic wave subsystem is also broken
throughout the whole PC slabs. The signs p1 and p2
denote the lower and upper surface-spin-pinning param-
eters, respectively, which are dimensionless [42,43] (see
Appendix A). The lattice constant is a = 2d = 670 nm,
where d is the width of a single layer A or B. The thick-
ness of the PC slabs is h = a/2. The materials of layers
A and B are Permalloy and cobalt, respectively. The mate-
rial parameters used in the calculation are chosen as fol-
lows: density ρ = 8720 kg/m3, saturation magnetization
MS = 760 kA/m, exchange constant A = 13 pJ/m, mag-
netoelastic constant b2 = −0.9 MJ/m3, and elastic con-
stant c44 = 50 GPa for Permalloy; ρ = 8900 kg/m3, A =
20 pJ/m, b2 = 10 MJ/m3, and c44 = 80 GPa for cobalt [44].

Neglecting relaxation of the spin wave subsystem, the
Lagrangian density for an isotropic magnetoelastic solid

FIG. 1. Schematic of 1D magnetoelastic PC slabs. Lower and
upper surface-spin-pinning parameters are marked by p1 and p2,
respectively. External magnetostatic field H is applied along the
x3 axis.

with cubic symmetry under the magnetostatic approxima-
tion can be given by [45–47]
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gyromagnetic ratio, the magnetic susceptibility of a vac-
uum, the component of Eulerian coordinates, the dynamic
magnetization component, the displacement component,
the magnetic potential, and the component of the elastic
tensor, respectively. On the right-hand side of Eq. (1), the
first two terms are the Zeeman energy density; the third
term represents the exchange energy density; the fourth
and fifth terms denote the electromagnetic field energy
density; the sixth and seventh terms are the elastic energy
density; and the last term represents the magnetoelastic
coupling energy density in the linear approximation.
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where ψ j can represent any one of the fields (m1, m2, u1,
u2, u3, ϕ) in Eq. (1). When the field ψ j is regarded as m1,
m2, u1, u2, u3, and ϕ in turn, the following equations can
be obtained from Eqs. (1) and (2):
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In our system, for spin and elastic waves propagating along
the x1 axis, Eqs. (3)–(8) can be simplified as
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Here, we omit the simplified forms of Eqs. (5) and (6) due
to the absence of coupling with the other equations.

The plane-wave expansion method is used for solving
Eqs. (9)–(12) for the 1D magnetoelastic PC slabs [48,49].
Owing to the structure periodicity, all periodic parameters
are expanded into a Fourier series. Especially, by combin-
ing Bloch’s theorem, the field ψ j can be expressed as ψj =∑
G

ei(k+G)x−iωt(AG
j eik2x2), where G is the 1D reciprocal-

lattice vector, AG
j is the amplitude vector of the field ψ j ,

k is a Bloch wave vector along the x1 direction, and k2 is
the wave number along the x2 direction. Substituting the

expanding form of the field ψ j into Eqs. (9)–(12), we can
obtain homogenous linear equations to determine both AG

j
and k2 [50]. To ensure satisfactory convergence, we choose
n = 33 reciprocal-lattice vectors in the computations. For
spin and elastic waves in the 1D magnetoelastic PC slabs,
the field used in boundary conditions can be given by
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[

8n∑
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A(l)j eik(l)2 x2

]
.

Next, we introduce the boundary conditions of spin
and elastic waves in the 1D magnetoelastic PC slabs (see
Appendix B). It is well known that the surface of a slab is
stress free, which can be expressed as [46]
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= 0. (13)

Here, we consider the influence of surface-spin pinning
on spin and elastic waves. The standard forms of bound-
ary conditions of the surface-spin pinning can be given
by [42,51]
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where +(−) of the sign ± is for the surface at x2 = 0(h).

Here, λ = p
√
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(γμ0H), where p is the surface-

spin-pinning parameter [43].
The electromagnetic conditions that both the transverse

components of magnetic field intensity and the normal
components of magnetic induction intensity are continuous
can be combined to obtain [43,51]
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where + and – of the sign ± come from the x2 = 0 and
x2 = h surfaces, respectively. Note that the stress, field ψ j ,
transverse components of the magnetic field intensity, and
normal components of the magnetic induction intensity are
continuous at the interface between magnetoelastic layers
A and B, which is embedded in the structure function and
periodic boundary conditions of the plane-wave expansion
method [50,52]. For simplicity, the spins are assumed to be
free at the interface and the influence of the interface effect
[53,54] is neglected. Equations (13)–(16) can be converted
into 8n homogeneous linear equations. When the modulus
of their matrix determinant is a minimum, the correspond-
ing values f and k are adopted to obtain the band structure
of the current system.
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III. RESULTS AND DISCUSSION

To realize the nonreciprocity of elastic waves, we cal-
culate the band structure of the 1D magnetoelastic PC
slabs with an applied external magnetostatic field of H =
100 kA/m and different surface-spin-pinning parameters of
p1 = 0.5 and p2 = 2.5, as shown in Fig. 2(a). The red
and blue lines denote spin and elastic waves, respectively.
The branches of the spin and first elastic waves possess
four crossing points, which are labeled as C0, C0′, C1,
and C1′. C0 and C0′ are the codirectional crossing points
where the spin wave and elastic wave modes have the
same signs of group velocities, indicating the occurrence
of mode veering, while C1 and C1′ are the contradirec-
tional crossing points, where the two corresponding modes
have opposite signs of group velocities, meaning that mode
locking occurs [55]. The contradirectional crossing points
are achieved by the reversal of the group velocity of spin
waves induced by the folding-back effect of the periodic
structure. It is noted that the current system is drasti-
cally different from the homogeneous magnetoelastic slab,
where contradirectional crossing points do not exist (see
Appendix C). It can be observed that the contradirectional
crossing points C1 and C1′ are located at different fre-
quency positions because of the asymmetric dispersion of
spin waves for wave vectors +k and −k under the simulta-
neous breaking of the time-reversal and spatial-inversion
symmetries of the spin wave system [56–58]. To more

intuitively observe the contradirectional crossing points C1
and C1′, we plot an enhanced view in Fig. 2(b). Obvi-
ously, there are two directional band gaps (from 11.548
to 11.716 GHz for +k and from 11.168 to 11.336 GHz
for −k) due to the existence of magnetoelastic interactions
when both the wavelengths and frequencies of the spin
and elastic waves are close [44,45]. The directional band
gap for either +k or −k indicates that the elastic waves
propagating in one direction are prohibited completely,
while elastic waves traveling in the opposite direction are
unaffected. Therefore, an elastic wave diode effect can
be obtained in the parity-time symmetry-broken periodic
magnetoelastic system. It is worth emphasizing that effi-
cient elastic wave isolation, resulting from the directional
band gaps near the contradirectional anticrossing points, is
significantly different from asymmetric propagation aris-
ing from the veerings in the vicinity of the codirectional
anticrossing points (see Appendix C and D). In addition,
the two directional band gaps for +k and −k have dif-
ferent frequency ranges, meaning that a bidirectional non-
reciprocity of elastic waves exists in the current system.
Notably, because the folding-back effect of the periodic
structure can induce more contradirectional anticrossing
points in the higher frequency range, nonreciprocal elastic
waves may occur in multiple frequency regions. To fur-
ther explore the impact of a reversal of spatial-inversion
symmetry breaking on nonreciprocal elastic waves, we

(a) (b)

(c) (d)

FIG. 2. (a) Band structure of
1D magnetoelastic PC slabs with
H = 100 kA/m and different
surface-spin-pinning parameters,
p1 = 0.5 and p2 = 2.5. Red and
blue lines denote spin and elastic
waves, respectively. Gray areas
represent directional band gaps.
(b) Magnification of contradirec-
tional anticrossing points C1 and
C1′ [marked by dashed rectangles
in (a)]. (c) Band structure of 1D
magnetoelastic PC slabs with
H = 100 kA/m and reversed
surface-spin-pinning parame-
ters p1 = 2.5 and p2 = 0.5. (d)
Enlarged views of contradirec-
tional anticrossing points C2
and C2′.
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calculate the band structure of the 1D magnetoelastic
PC slabs with an applied external magnetostatic field of
H = 100 kA/m and inverted surface-spin-pinning param-
eters of p1 = 2.5 and p2 = 0.5, as displayed in Fig. 2(c).
The corresponding enlarged views of the contradirectional
anticrossing points (C2 and C2′) are shown in Fig. 2(d).
Compared with the band structure in Figs. 2(a) and 2(b),
the dispersion of the current system flips with respect to the
coordinate axis (k = 0), suggesting a reversal of the non-
reciprocity of elastic waves. The results can be explained
by the nonreciprocity being reversed under a reversal of
spatial-inversion symmetry breaking due to the symme-
try origin of nonreciprocity [59]. It is worth noting that
the high-frequency crossings at a frequency of 17.46 GHz
occur for +k in Fig. 2(a), but for −k in Fig. 2(c) this is
due to a reversal of spatial-inversion symmetry breaking.
In contrast to a dynamic nonreciprocal system based on
the local circulation of fluid or space-time modulation, the
current static nonreciprocal system has unique advantages
of miniaturization and stability [4], and thus, has potential
applications including nanoscale elastic wave diodes and
on-chip topological insulators (see Appendix A).

Next, we discuss that the nonreciprocity of elastic waves
cannot happen when the current system possesses spatial-
inversion symmetry. The lower and upper surface-spin-
pinning parameters of the current system are set to the
same value (p1 = p2 = 0.5). Figures 3(a) and 3(b) display

the corresponding band structure of the system under
an external magnetostatic field of H = 100 kA/m and an
enlarged view of its contradirectional anticrossing points
(C3 and C3′), respectively. It can be seen from Fig. 3(a)
that contradirectional anticrossing points C3 and C3′ are
located at the same frequency position because of the
same absolute value of the phase velocities of the spin
waves. Moreover, Fig. 3(b) shows that the directional band
gaps for +k and −k are the same, implying that elastic
wave propagation along the opposite direction is simul-
taneously prohibited in the same frequency range. The
results confirm that elastic waves are reciprocal in the 1D
magnetoelastic PC slabs with spatial-inversion symmetry.

We then explore why the nonreciprocity of elastic
waves cannot also occur in the magnetoelastic periodic
system possessing time-reversal symmetry. A sufficiently
small external magnetostatic field (H → 0) is applied to
the current system, so that it is treated as an equiva-
lent time-reversal symmetry system [56,58]. Figure 3(c)
presents the corresponding band structure of the system
with different surface-spin-pinning parameters, p1 = 0.5
and p2 = 2.5, and an enlarged view of the contradirec-
tional anticrossing points (C4 and C4′) is plotted in Fig.
3(d). It can be observed that the directional band gaps
for +k and −k are almost the same, which means that
the elastic waves are reciprocal. Therefore, both the time-
reversal and spatial-inversion symmetry breakings of the

(a) (b)

(c) (d)

FIG. 3. (a) Band structure of
1D magnetoelastic PC slabs with
H = 100 kA/m and the same
surface-spin-pinning parameters,
p1 = p2 = 0.5. (b) Magnification
of contradirectional anticrossing
points C3 and C3′. (c) Band
structure of 1D magnetoelastic
PC slabs with sufficiently small
external magnetostatic field
(H → 0 kA/m) and different
surface-spin-pinning param-
eters, p1 = 0.5 and p2 = 2.5.
(d) Enlarged views of contradi-
rectional anticrossing points C4
and C4′.
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(a) (b) FIG. 4. Positions and widths of
directional band gaps for +k and
−k in 1D magnetoelastic PC slabs
with H = 100 kA/m as a func-
tion of the difference between
the lower and upper surface-
spin-pinning conditions (
p =
p2 − p1) (a), and with differ-
ent surface-spin-pinning parame-
ters (p1 = 0.5 and p2 = 2.5) as a
function of external magnetostatic
field H (b).

magnetoelastic system are necessary for nonreciprocal
elastic waves in a periodic system (see Appendix E). It
can be implied that, under an external magnetostatic field,
bulk elastic waves in an infinite magnetoelastic structure
are reciprocal because of the existence of spatial-inversion
symmetry, whereas both surface elastic waves in a semi-
infinite magnetic medium and elastic guided waves in
a magnetoelastic plate with asymmetry about its mid-
plane may be nonreciprocal, owing to breaking of the
spatial-inversion symmetry [44,47,60].

To better understand the nonreciprocity of elastic waves,
we investigate the impact of the difference between the
lower and upper surface-spin-pinning conditions (
p =
p2 − p1) on directional band gaps in the 1D linear magne-
toelastic PC slabs. Figure 4(a) presents the directional band
gaps for +k and −k in the system with an external mag-
netic field of H = 100 kA/m as a function of
p (p1 = 0.5
is unchanged). It can be observed that the widths of the
directional band gaps remain almost unchanged, but their
midgap frequencies decrease with an increase of 
p. In
addition, the overlapping and separate processes of the two
directional band gaps can be observed with increasing
p ,
passing through a transition point at 
p = 0.3. It can be
explained that the spatial-inversion symmetry of the cur-
rent system is broken more intensely when 
p increases,
which leads to a greater difference in the frequency posi-
tions of the two directional band gaps. Therefore, we can
realize the nonreciprocity of elastic waves in different fre-
quency ranges in the 1D linear magnetoelastic PC slabs by
designing different surface-spin-pinning conditions.

The tunability of the systems is the cornerstone
behind signal-processing systems and phononic functional
devices. To observe the tunability of the nonreciprocity of
elastic waves, we investigate the influence of the control-
lable external magnetostatic field on directional band gaps.
Figure 4(b) depicts the widths and positions of the direc-
tional band gaps for +k and −k in the 1D magnetoelastic
PC slabs with different surface-spin-pinning parameters
(p1 = 0.5 and p2 = 2.5) as a function of the external mag-
netostatic field H. It can be seen that the widths of the
directional band gaps remain almost unchanged, but their

midgap frequencies increase gradually with increasing H.
Moreover, the overlapping and separate processes of the
two directional band gaps can be observed with increasing
H, passing through a transition point at H = 38.4 kA/m.
It can be explained that the time-inversion symmetry of
the spin wave subsystem is broken more intensely when
the external magnetostatic field increases [58], which gives
rise to the greater difference in the frequency positions of
the two directional band gaps. Therefore, the frequency of
the nonreciprocity of elastic waves can be tuned by varying
only the amplitude of the controllable external magne-
tostatic field, without altering the structure, which can
be employed for designing tunable nonreciprocal devices,
such as magnetically controlled elastic wave diodes.

Finally, an experimental prefigure of 1D magnetoelastic
PC slabs is currently being considered to demonstrate the
nonreciprocity of elastic waves in practice. First, the exper-
imental sample can be fabricated by advanced nanofabri-
cation techniques [61,62], but, so far it is challenging for
the sample to obtain precise surface-spin-pinning parame-
ters. Second, experiments are conducted on the sample to
acquire its band structure [62,63]. The main experimental
steps can be as follows: a vibration is excited by a needle,
the sharp tip of which is pressed on the upper surface of the
sample and the bottom of which is fixed on a piezoelectric
ceramic disk controlled by a network analyzer. Then, the
corresponding displacement field is accurately measured
by scanning a laser vibrometer through the upper surface
of the sample and is recorded by the network analyzer. Fur-
ther, from data of the scanned displacement field, we can
obtain the band structure by performing Fourier transfor-
mation. To avoid random errors, the experimental results
are averaged over 20 data acquisitions.

IV. CONCLUSION

We derive a theoretical model for calculating band struc-
tures of spin and elastic waves in the presence of magne-
toelastic interactions in 1D linear PC slabs that exhibit tun-
able nonreciprocal elastic waves. It is demonstrated that,
because of magnetoelastic interactions, efficient elastic
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wave isolation is achieved by the folding-back effect of
the periodic structure in the parity-time symmetry-broken
system, which is clearly distinguished from asymmetric
propagation in a homogeneous magnetoelastic structure.
Moreover, the flexibility of the system is enhanced because
the operational frequencies are tunable by simply vary-
ing the value of the controllable external magnetostatic
field without altering the structure. Different from previ-
ously proposed nonreciprocal systems, depending on the
nonlinear effect and dynamic elements, this current model
is a linear static elastic system, with advantages of high
conversion efficiency, miniaturization, and stability. Fur-
thermore, the platform can be easily extended to the field
of topology for utilization in the design of an elastic ana-
log of the quantum Hall effect. Our approach paves the
way for research into nonreciprocity under an external
magnetostatic field in an elastic system, which has poten-
tial applications, such as rectification, vibration and noise
reduction, sensing, and bioimaging.
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APPENDIX A: THE SURFACE-SPIN-PINNING
PARAMETER

Surface-spin pinning is related to the energy status of
surface spins, specifically to the degree of freedom of their
precession [64–66]. The surface-spin-pinning parameter is
a quantity that denotes the degree of pinning of the surface
spins. In the microscopic theory of spin waves, the value
of the surface-spin-pinning parameter is related to the dot
product between magnetization M and the effective surface
anisotropy field K surf acting on the surface spins [67–71].
Based on the relation between the dot product and zero,
surface pinning is divided into the main three situations:
surface pinned, surface natural, and surface unpinned. In
addition, the surface anisotropy field M can be affected
by the charge-carrier (hole) concentration on the surface
of magnetic materials and the lattice mismatch caused
by an additional structure on the surface [72]. Therefore,
tuning the surface anisotropy field M by doping or coat-
ing can induce different surface-spin-pinning parameters,
ranging from 0.5 to 2.5 in our system. Similar to the pho-
tonic and phononic topological insulators achieved based
on the z-direction inversion symmetry breaking [73–75],
breaking the z-direction inversion symmetry by setting dif-
ferent pinning parameters on the upper or lower surfaces

of the magnetoelastic medium can be used for designing
an on-chip tunable magnetic topological insulator in future
research.

APPENDIX B: BOUNDARY CONDITIONS OF SPIN
AND ELASTIC WAVES IN 1D MAGNETOELASTIC

PC SLABS

Here, we derive the boundary conditions of spin and
elastic waves in 1D magnetoelastic PC slabs. The elas-
tic boundary condition is that the surface of the PC slabs
is stress free. The relevant element of the stress tensor is
equal to zero at the surface, which can be expressed as [46]

T32|x2=0,h = ∂

∂e32

{
1
2
ρ

∑
i

u̇2
i + 1

2
c11(e2

11 + e2
22 + e2

33)

+ 1
2

c12(e11e22 + e22e33 + e33e11) (B1)

+ 2c44(e2
12 + e2

23 + e2
31)+ b2

MS
[m1(e13 + e31)

+ m2(e23 + e32)]}|x2=0,h = 0.

By simplifying this, we can obtain

T32|x2=0,h = c44
∂u3

∂x2
+ b2

MS
m2

∣∣∣∣
x2=0,h

= 0. (B2)

Next, we describe the spin-pinning boundary condition. Its
phenomenological form is defined as [42,51]

±λ∂M
∂x2

+ M
∣∣∣∣
x2=0,h

= 0, (B3)

where the +(−) of the sign ± is for the surface at x2 =
0(h). Replacing M with m1 or m2, the following forms are
obtained:

±λ∂m1

∂x2
+ m1

∣∣∣∣
x2=0,h

= 0, (B4)

±λ∂m2

∂x2
+ m2

∣∣∣∣
x2=0,h

= 0. (B5)

The remaining electromagnetic boundary conditions are
that both the transverse components of magnetic field
intensity and the normal components of magnetic induc-
tion intensity are continuous, which can be written as
[46]

φ = φ̄, (B6)

− ∂φ

∂x2
+ m2 = − ∂φ̄

∂x2
, (B7)

where φ̄ is the magnetic potential in a vacuum.
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In the region outside the 1D magnetoelastic PC slabs,
the magnetic field obeys the following Maxwell equation:

∇B̄ = ∇H̄ = 0, (B8)

where B̄ = μ0H̄and H̄ = −∇φ̄.
In a vacuum, there is a magnetic field that is created by

the spins inside the PC slabs. The field decays exponen-
tially away from the PC slabs. The vacuum can be treated
as a virtual periodic structure that has the same period and
filling fraction as that of the PC slabs. As a result, the field
can be given by

φ̄ =
∑

G

ei(k+G)x−iωt

[
8n∑

l=1

A(l)eik̄(l)2 x2

]
. (B9)

Combining Eqs. (A6)–(A9), we have [43,51]

∑
G

[−ik2φ
(l) ± i

√
−(|k| + G′)2φ(l) + m(l)

2 ]

∣∣∣∣∣
x2=0,h

= 0,

(B10)

where + and – of the sign ± come from the x2 = 0 and
x2 = h surfaces, respectively.

APPENDIX C: ASYMMETRIC PROPAGATION OF
ELASTIC WAVES IN A HOMOGENEOUS

MAGNETOELASTIC SLAB BY AN EXTERNAL
MAGNETOSTATIC FIELD

Here, we investigate a homogeneous magnetoelastic
slab with thickness h = a/2 = 335 nm, which is filled with
Permalloy. Figure 5(a) shows the band structure of the
system, with external magnetostatic field H = 100 kA/m
and different surface-spin-pinning parameters, p1 = 0.5
and p2 = 2.5. It can be seen that the spin and elastic
wave branches cross at different frequencies because of
the asymmetric dispersion of spin waves in the parity-
time symmetry-broken system [56–58]. It is noted that

contradirectional crossing points do not exist in the homo-
geneous magnetoelastic slab due to the absence of the
folding-back effect. To more intuitively observe the codi-
rectional crossing points, C and C′, a magnified image is
plotted in Fig. 5(b). The black dashed lines denote the
band structure in the absence of magnetoelastic interac-
tions for comparison. Obviously, there exist two veerings
between the spin and elastic wave modes for the wave vec-
tors +k and −k, owing to the existence of magnetoelastic
interactions, which deform the linear dispersions of spin
and elastic waves. Moreover, the two veerings are located
in different frequency ranges. Similar to the effect of the
veering in a hybrid electromechanical medium [76], the
propagation of elastic waves in the veering is dampened
due to the exchange of energy between the spin and elas-
tic modes [44,45,77]. Thus, within the frequency range of
one veering, the elastic waves traveling in one direction are
prohibited partially, while the elastic waves propagating in
the opposite direction are almost unaffected. These results
confirm that the propagation of elastic waves is asym-
metric in the homogeneous magnetoelastic slab [78]. It is
emphasized that asymmetric propagation arising from the
veerings near the codirectional anticrossing points in the
homogeneous system are significantly different from the
efficient elastic wave isolation resulting from directional
band gaps in the vicinity of contradirectional anticrossing
points in the periodic system.

APPENDIX D: ASYMMETRIC PROPAGATION OF
ELASTIC WAVES NEAR CODIRECTIONAL

ANTICROSSING POINTS IN 1D LINEAR
MAGNETOELASTIC PC SLABS BY AN
EXTERNAL MAGNETOSTATIC FIELD

Figure 6 displays an enlarged image of the codirectional
anticrossing points [C0 and C0′ in Fig. 2(a)] in the 1D
linear magnetoelastic PC slabs. It can be seen that two
veerings exist between the spin and elastic wave branches
for +k and −k due to magnetoelastic interactions when
both the wavelengths and frequencies of the spin and elas-
tic waves are close [44,45]. Moreover, the two veerings are

FIG. 5. (a) Band structure of
the homogeneous magnetoelastic
slab with H = 100 kA/m and
different surface-spin-pinning
parameters, p1 = 0.5 and
p2 = 2.5. (b) Magnification of
the codirectional anticrossing
points, C and C′. Black dashed
lines denote the band structure
in the absence of magnetoelastic
interactions for comparison.
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FIG. 6. Magnifications of codirectional anticrossing points
[C0 and C0′ in Fig. 2(a)] in the 1D linear magnetoelastic PC
slabs.

located in different frequency ranges because the spin wave
dispersion is asymmetric under the simultaneous breaking
of the time-reversal and spatial-reversal symmetries of the
spin wave subsystem [56–58]. These results demonstrate
that the propagation of elastic waves is asymmetric in the
frequency range near the codirectional anticrossing points
in the 1D linear magnetoelastic PC slabs [78], which is
drastically different from the efficient elastic wave isolation
near the contradirectional anticrossing points.

APPENDIX E: SYMMETRY ARGUMENT OF
NONRECIPROCAL ELASTIC WAVES

A simple symmetry argument [47,79] illustrates the
relationship between nonreciprocal elastic waves and
breaking of the time-reversal and spatial-inversion sym-
metries in the 1D magnetoelastic PC slabs. First, for
the system with only broken spatial-inversion symmetry,
reflecting it in the x2-x3 plane changes the wave vector
+k to −k, but leaves the system invariant, which means
that there is f (+k) = f (−k). Second, for the system with
broken time-reversal symmetry, reflecting it through the
x2-x3 plane changes +k to −k and reverses the direction
of the external magnetic field because it is an axial vec-
tor. If we continue to reflect in the x1-x3 plane, the wave
vector −k remains unchanged, while the external magnetic
field is returned to its original direction, and the posi-
tions of the lower and upper surfaces are exchanged. If the
lower and upper surface-spin-pinning parameters are the
same (p1 = p2), the system is unchanged by the symme-
try operation of the two successive reflections, resulting in
f (+k) = f (−k). If p1 �= p2, the system is not returned to its

original state, which makes it possible for f (+k) �= f (−k).
Therefore, the simultaneous breaking of time-reversal and
spatial-inversion symmetries is the necessary factor for the
nonreciprocity of elastic waves in a periodic system.
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