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We studied the propagation of an electromagneticsEMd wave in a piezomagnetic superlattice with piezo-
magnetic coefficient being modulated. Because of the piezomagnetic effect, the coupling between the EM
wave and vibration of superlattice can be established, resulting in the creation of a type of magnetic polariton
that does not exist in ordinary magnetic material. At some resonance frequencies, the abnormality of dispersion
of permeability introduces negative value and piezomagnetic superlattice can make a kind of negative perme-
ability material.
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The concept of negative permeabilitym is of particular
interest, not only because this is a regime not observed in
ordinary materials, but also because such a medium can be
combined with a negative permittivity« to form a “left-
handed” materialsi.e., EW 3HW lies along the direction of −kW
for propagating plane wavesd.1–3 In recent work,4 Pendryet
al. have introduced the split ring resonatorsSRRd medium
whose dominant behavior can be interpreted as having an
effective magnetic permeability. By making the constituent
units resonant, the magnitude ofm is enhanced considerably,
leading to a large positive effectivem near the low-frequency
side of the resonance and, most strikingly, negativem near
the high-frequency side of the resonance. More recently, a
magnetic response at terahertz frequencies has been achieved
in a plannar structure composed of SRR elements.5

On the other hand, in artificial composites such as super-
lattices, the periodic modulation of related physical param-
eters may result in some coupling effects. For example, as-
sociated with the variation of dielectric constants is the
photonic crystal6–8 and the modulation of nonlinear optical
coefficients results in a quasi-phase-matched frequency
conversion.9,10 Recently, a coupling between the superlattice
vibrations and the electromagneticsEMd wave was estab-
lished in piezoelectric superlattices,11–13 in which the piezo-
electric coefficient is modulated. This coupling produced a
new type of polariton, in which the resonance frequency was
determined by the period of superlattice and the negative
effective permittivity «effsvd can be got near the high-
frequency side of the resonance.

In the present work, we will construct another kind of
periodic structure, the piezomagnetic superlattice, with the
piezomagnetic coefficient being modulated. In this system,
the superlattice vibrations will induce spin waves due to the
piezomagnetic effect. The lateral spin waves in turn will emit
EM waves that interfere with the original EM wave. In such
a case, the lattice vibration will couple strongly with the EM
wave and result in polariton excitation. Near the piezomag-
netic polariton resonance, a negativemeffsvd will be shown

possible. Therefore, a kind of negative permeability material
can be constituted in piezomagnetic superlattice.

In order to elucidate the above idea, let us consider a
one-dimensionals1Dd periodic structure composed of alter-
nating layers of NiOFe2O3 and NiO0.8ZnO0.2Fe2O3 along the
z axis. Through changing the doping contents of NiO and
ZnO, a period superlattice can be attained which is shown in
Fig. 1. As illustrated in Table I,14 a different doping ratio
introduces a different piezomagnetic coefficient. Therefore,
the piezomagnetic coefficient is modulated periodically in
the superlattice along thez axis. The piezomagnetic tensor
matrix has the form

sqiJd = 3 0 0 0 0 q15szd 0

0 0 0 q15szd 0 0

q31szd q31szd q33szd 0 0 0
4 . s1d

Here, Voigt’s notation is used in the representation of three-
order tensorqijk →qiJ s j ,k→Jd, which is specified in Table
II. In the layers NiOFe2O3 s0øz,dd, q33szd
=−212.4 N/Am andq31szd=−96.7 N/Am, while in the lay-
ers NiO0.8ZnO0.2Fe2O3 sdøz,Ld, q33szd=−285.6 N/Am
and q31szd=−125.7 N/Am. The modification is along thez

FIG. 1. Schematic illustration of the piezomagnetic
superlattice.
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axis; the reciprocal vectors for periodic structure should be

GW =s0,0,Gmd sGm=mp /d,m=1,3,5, . . .d. Also we assume
that the transverse dimensions are very large compared with
an acoustic wavelength so that a one-dimensional model is
applicable. When an EM wave is radiated into this piezo-
magnetic superlattice, an acoustic wave will be excited
through the piezomagnetic effect. The coupled interaction
between the EM wave and acoustic wave can be described
by the constitutive equations

Tij = cijkl

]uk

]xl

+ qijkszdHk, Bi = mi j
SHj − qijkszd

]uj

]xk

, s2d

where Tij , uW, HW , BW , cijkl , and mi j
s are the stress tensor, dis-

placement field, magnetic field, magnetic displacement, and
the elastic and static permeability, respectively. With the use
of Newton’s lawr]2uj /]t2=s] /]xidTij , the equation of mo-
tion for a vibrating medium can be obtained

r
]2uj

]t2
− cijkl

]2uk

]xi]xl

=
]sqijkszdHkd

]xi

, s3d

wherer is the mass density andcijkl is the stiffness tensor of
superlattice. By using the Fourier transformation

uj =E ũje
isvt−qW·rWddqW, HkE H̃ke

isvt−kW.rWddkW ,

qijkszd = o
GW

q̃ijksGW de−iGW ·rW, s4d

whereqW is the phonon wave vector,kW is the electromagnetic

wave vector, andGW is the reciprocal vector of modulated
structures, Eq.s2d can be expressed as

E s− rv2d jk + cijklqiqldũke
isvt−qW·rWd

= o
G̃

E s− idskW + GW diq̃i jkH̃ke
ifvt−skW+GW d·rWgdkW . s5d

For photons with long wavelength,ukWu!GW , Eq. s5d becomes

E s− rv2d jk + cijklqiqldũke
isvt−qW·rWd

= o
G

s− idGiq̃ijkH̃ke
ifvt−skW+GW d·rWg. s6d

In order for the two sides of Eq.s5d to be equal,qW must

satisfy qW =kW +GW <GW for one of the reciprocal vectors of the
periodic superlattice. Then we obtain, from Eq.s6d,

s− rv2d jk + cijklGiGldũksqW = kW + GW d = s− idGiq̃ijkH̃k s7d

and we have

ũk = isrv2d jk − cijklGiGld−1Giq̃ijkH̃k. s8d

Then,

]uk

]xj
= e−iGW ·rWGjsrv2d jk − cijklGiGld−1Giq̃ijkHksrW,td. s9d

Substituting Eq.s9d into s2d and using the space average
value, we get

Bi = miksvdHk, s10d

where

miksvd = mik
S + q̃ikjGjs− rv2d jk + cijklGiGId−1Giq̃ijk . s11d

If we choose the first reciprocal vectorGW =s0,0,G1=p /dd,
the permeability coefficients matrix can be attained as

mJsvd = 3m'svd 0 0

0 m'svd 0

0 0 misvd
4 . s12d

Here,

m'svd = mi
sv',0

2 − v2

v'
2 − v2 , misvd = m33

s vi,0
2 − v2

vi
2 − v2 , s13d

where v'=G1
Îc44/r, vi=G1

Îc33/r, v',0

=Îv'
2 + q̃31

2 G1
2/ srm11

s d, andvi,0=Îvi
2+ q̃33

2 G1
2/ srm33

s d. v' and
vi are the resonance frequency of the longitudinal vibration
and transverse vibration due to piezomagnetic effect. Equa-
tion s13d exhibits the resonance structure produced in the
piezomagnetic superlattice which profoundly affects the
propagation of electromagnetic waves with frequency near
v' andvi.

The effective dielectric tensor of piezomagnetic superlat-
tice can be derived from the average-field method. Straight-
forward algebra gives the effective dielectric tensor in the
well-known form15

TABLE I. Piezomagnetic properties of the NiOxZnO1−xFe2O3 superlattice.

NiO, ZnO, Fe2O3 15:35:50 18:32:50 25:25:50 32:18:50 40:10:50 50:0:50

q33 sN/Amd −113.1 −78.5 −128.2 −144.5 −212.4 −285.6

q31 sN/Amd −44.1 −31.8 −61.9 −79.5 −96.7 −125.7

TABLE II. Voigt’s notation used in representation of
qijk →qiJ.

s j ,kd s1, 1d s2, 2d s3, 3d
s2, 3d
s3, 2d

s1, 3d
s3, 1d

s1, 2d
s2, 1d

J 1 2 3 4 5 6
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«J = 3«' 0 0

0 «' 0

0 0 «i

4 . s14d

In the discussion that follows, we shall assume for simplicity
that the dielectric constant of the superlattice is independent
of frequency near the magnetic resonance frequenciesv'

andvi.
The dispersion relation for polariton propagating in piezo-

magnetic superlattices follows from Maxwell’s equations.

After eliminating EW in the curl equations, one obtains the

following wave equation forHW :

kW 3 f«J−1 · skW 3 HW dg +
v2

c2 mJsvd ·HW = 0, s15d

wherec is the electromagnetic wave velocity in vacuum,v
the angular frequency, and«J−1 the inverse of Eq.s14d. Since
the susceptibility tensor is isotropic in thexy plane, there is
no loss of generality if we choose the wave vectorkW in thexz
plane, as shown in Fig. 1. The angle between the wave vector
and thez axis will be denoted byu, so that

kx = k sinu, kz = k cosu. s16d

Then, if we proceed by the use of Eq.s15d, we have

S v2

c2k2m'«' − cos2 uDHx + sinu cosuHz = 0, s17ad

S v2

c2k2m'«' − sin2 u
«'

«i

− cos2 uDHy = 0, s17bd

sinu cosuHx + S v2

c2k2mi«' − sin2 uDHz = 0. s17cd

Equationss17d are a set of three homogeneous equations

satisfied byHW in the superlattice. The polariton dispersion
relation due to the coupling between the spins and electro-

magnetic wave can be obtained by setting the determinant in
Eqs.s17d equal to zero.

From Eqs.s17d, one sees that there are two propagating
modes: one with the magnetic field vector normal to thexz
plane and one with the magnetic field in thexz plane. Con-
sidering the first mode with the magnetic field normal to the
xz plane, the magnetic field is in they direction, parallel to
the xy plane. We refer to this mode as the TM mode. This
dispersion relation is obtained from Eqs.s17bd and s13d:

c2k2

v2 = m11
s «sud

v',0
2 − v2

v'
2 − v2 , s18d

where «sud=Îsin2u /«i+cos2u /«'. The polariton with the
magnetic field in thexzplane has a more complex dispersion
relation for a general value ofu. We refer to this second
mode as the TE polariton. Whenu=0 spropagation alongz
axisd, the dispersion relation is

c2k2

v2 = m11
s «'

v',0
2 − v2

v'
2 − v2 . s19d

It has same resonance frequency with that obtained for the
TM polariton, which described the coupling between the EM
mode,Vc=c/Îm11

s «', and the transverse phonons. Whenu
=p /2 spropagation along thex axisd, the dispersion relation
becomes

c2k2

v2 = m33
s «'

vi,0
2 − v2

vi
2 − v2 , s20d

which shows coupling happens between the EM modeVc

=c/Îm33
s «' and the longitudinal phonons. For any other di-

rection suÞ0 andp /2d, the resonance frequency is neither
v' nor vi and no pure longitudinal and transverse coupling
occurs. EM wave is coupled to the admixture mode of lon-
gitudinal phonon and transverse phonon.

Figures 2sad and 2sbd shows the coupled modes of photon
and transverse phonons in the superlattice described by Eqs.
s13d and s19d. The solid line labeledVc=c/Îm11

s «' corre-
sponds to EM waves, but uncoupled to the lattice vibrations,

FIG. 2. Calculated magnetic abnormalitysad
and polariton disersionsbd of the coupled mode
of the photon and pure transverse phonon.
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and the dotted line represents the lattice vibration in the ab-
sence of coupling to the EM field. The region of the cross-
over fmarked byA in Fig. 3sbdg of the solid line and the
dotted line is the resonance region. By resonance, we mean
that the frequency of the EM wave equals the acoustic reso-
nance frequency of the superlattice determined by the peri-
odicity. At resonance the photon-phonon coupling entirely
changes the character of the propagation. The heavy lines are
the dispersion relations in the presence of coupling between
the lateral spins induced by a lattice vibration and the EM
wave. In the resonance region the propagation mode is nei-
ther a pure photon mode nor a pure acoustic mode in a nar-
row range ofk values. The quantum of the coupled photon-
phonon wave field is called a polariton. It is a type of
polariton. One effect of the coupling is to create a frequency
gap betweenv' and v',0. For frequenciesv',v,v',0,
msvd is negative as can be seen in Fig. 3sad. This negative
gap originates from the coupling of the photon and the lattice
vibration through the piezomagnetic effect. The resonance
frequencyv'=sp /ddÎc44/r is mainly determined by the pe-
riodic of the superlattice,L=2d. As v',v',0, the band gap
is v',0−v' wide, which is determined by D2

= q̃31
2 G1

2/ srm11
s d. The larger theD value is, the stronger the

coupling and the wider the gap. The negative band can be
widened by use of some materials with larger piezomagnetic
coupling coefficients. If the period isL=0.1 mm, the first-
order reciprocal vector of this periodic structure can be at-
tained asG1=p /d=6.2833107 m−1. The average mass den-
sity of superlattice is r=5.03103 kg/m3 and the
piezomagnetic parameters used is given in Table I. The trans-
verse resonance frequency can be attained asv'=4.44
31011 Hz and the negative range is about 0.531010 Hz. By
varying the period of the superlattice, a wide range of nega-
tive permeability can be achieved.

If the EM wave is radiated into the piezomagnetic super-

lattice with an oblique anglesuÞ0 andp /2d, the EM wave
will not only couple with the longitudinal phonon but also
couple with the transverse phonon. The dispersion relation of
the admixture polariton can be calculated from Eqs.s17ad
and s17cd, which is shown in Figs. 3sad and 3sbd. It can be
seen that there are two resonance regions in the curves. But
the resonances are not equal tov' and vi, which are both
functions ofu. In this general case, negative permeability can
also be attained in the two resonance regions. The above
results show that the piezomagnetic superlattice can be a
kind of artificial material to produce negative permeability.

In this paper, we only consider one-dimensional piezo-
magnetic multilayer structure. The mathematical model in-
troduced here can be extended to two- and three-dimensional
structures, which can also be proved to produce negative
permeability. On the other hand, the piezomagnetic superlat-
tice can be combined with the piezoelectric superlattice to
make left-handed material. Further study will be carried out
to realize this object.

In summary, a kind of periodic structure, the piezomag-
netic superlattice, is constructed in this paper. The propaga-
tion property of an EM wave in a piezomagnetic superlattice
was studied theoretically. A type of magnetic polariton was
proposed which originates from the coupling of the EM
wave with the lattice vibration through the piezomagnetic
effect. At some resonance frequency regions, negative per-
meability can be attained and the piezomagnetic superlattice
can make a kind of negative permeability material.
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gram for Basic Research of China, and by the National Natu-
ral Science Foundation of China under Contract No.
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FIG. 3. Calculated magnetic abnormalitysad
and polariton disersionsbd of the coupled mode
of the photon and admixture of the longitudinal
phonon and transverse phonon.
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