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Coupled phonon polaritons in a piezoelectric-piezomagnetic superlattice
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Propagation of electromagnetic (EM) waves in a piezoelectric-piezomagnetic superlattice (PPS) has been
investigated. In a PPS, the electric and magnetic vectors of EM waves could simultaneously couple with the
identical superlattice vibration, respectively, due to piezoelectric effect and piezomagnetic effect, which results
in magnetoelectric effect. Consequently, two orthogonally polarized EM waves could simultaneously couple
with the identical vibration, which would give birth to coupled phonon polaritons. Attributed to this mecha-
nism, in a PPS, the propagation of EM waves varies drastically. EM waves perpendicular to the PPS vector can
propagate, while the propagation is inhibited along the PPS vector in the original band gap of either the
piezoelectric superlattice or the piezomagnetic superlattice. The origin of the differences in propagation is

analyzed and some potential applications are discussed.
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I. INTRODUCTION

The interaction of waves with periodic condensed matter,
especially artificial superlattices, has attracted much atten-
tion. It is well known that the periodic modulation of the
given parameter may lead to band structures and make it
possible to control the propagation of information carriers,
for example, electrons and photons. Due to intense Bragg
scatterings at the boundaries of the Brillouin zone, a photo-
nic band gap can be introduced to control the propagation of
light in photonic crystals.! In addition, an alternative to form
band structures is the coupling effect of polaritons. For ex-
ample, in an ionic crystal, the coupling between EM waves
and lattice vibrations leads to phonon polaritons, whose band
gaps appear in the infrared range.” It should be noticed that,
different from the case in photonic crystals, the wave vector
corresponding to the intense coupling in ionic crystals is
close to the I' point in the Brilloiun zone.

Polaritons can also exist in artificial superlattices,? such as
piezoelectric (PE) superlattices*® and piezomagnetic (PM)
superlattices,” in which the periodicity of the lattice is artifi-
cially expanded from atomic scale to nanometers and mi-
crons. In PE and PM superlattices, both PE and PM phonon
polaritons result from the coupling between EM waves and
superlattice vibrations, and the propagation of EM waves is
not allowed near resonant frequencies.

In this paper, we will demonstrate another kind of super-
lattice that alternates between PE and PM stacks, a complex
structure made of a PE superlattice*® and a PM
superlattice.” In a PPS, owing to PE and PM effects, the
electric and magnetic fields could simultaneously couple
with the identical vibration, represented as PE phonons and
PM phonons, which would result in piezoelectric (PE) po-
laritons, piezomagnetic (PM) polaritons, and magnetoelectric
(ME) effect. Furthermore, due to the ME effect, the PE and
PM polaritons would further couple with each other. The
coupling between PE and PM polaritons would endow the
propagation of electromagnetic (EM) waves with novel prop-
erties in the original band gaps of both PE polariton and PM
polariton.
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The organization of this paper is as the follows. In Sec. II,
we demonstrate how ME effect occurs naturally from PE and
PM effects in a PPS through their mechanical strain by
effective-medium expression. In Secs. III and IV, we com-
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FIG. 1. (a) Schematics of the PPS and the two orthogonally
polarized EM waves along the z axis. Due to ME effect, p
polarization would be induced by the incident s polarization. (b),
(c), and (d) are the calculated dispersion relations of permittivity,
permeability, and wave vector k, described in the form of
X=Re(X)+i Im(X). Here, the thinner solid line in (d) represents the
propagation of the degenerate p and s polarizations in the case
without PE and PM effects.
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bine the expression with Maxwell’s equations to investigate
the propagation of EM waves parallel and/or perpendicular
to the stacking direction. In Sec. V, we present the conclu-
sion.

II. THEORETICAL TREATMENT

The piezoelectric-piezomagnetic superlattice (PPS) pre-
sented in this paper [shown in Fig. 1(a)] is a one-dimensional
periodic structure composed of alternate layers of PE and
PM materials along the z axis. To simplify the problem, we
assume that PE and PM layers are polycrystalline, and the
thickness for each layer is d. This PPS is electrically and
magnetically poled along the z direction. Consequently, both
PE and PM layers could be considered as the transversely
isotropic systems with the same point group of %m symme-
try.

Let us focus on the modulations of PE and PM constants.
The interaction between EM waves and superlattice vibra-
tions is described by the following equations:

T;=CS)(2) - e;f (2)E; - q;;8(2)H;

D;=e¢;,f(2)8,(2) +808fj(z)Ej (i,j=1,2,3; L7=1,2,...,6).

B;=q;;8(2)S,(z) + MOM?}(Z)Hj (1)

Here T, S, C, E, H, €, u, e, and ¢ are the stress, strain, elastic
stiffness coefficient, electric field, magnetic field, permittiv-

flz)= Efn ‘G"‘—5+ 2

n#O

g(2) = E g,e £0n% = l _ 12 Meian

2 2rHﬁO

The PPS resembles a forced oscillator. The solution of Eq.
(2) is described as

G2
Ss5(z) = 2

~ w _ C44G2€IG Z[ elenE (Z) qngnHl(Z)]
4)
Substitution of Eq. (4) into Eq. (1) gives
Di(z) = 80[8§1(Z) - GG%J(Z)fn/So]El(Z) —aeys5q;5/(2)g,H, (z)
= £0g(2)E(2) + ay1(2)H,(2),

— aq158(2)8,/ molH; (2)
—aeys5q,58(2)f,E(2)
= pomy(2)H,(2) + B11(2)E (2), (5)

By (2) = pol 1, (2)

where

i(1 —cos nm)
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ity, permeability, and PE and PM constants, respectively. The
modulation functions f(z) and g(z) owing to the PE and PM
effects in Eq. (1) have the values of 1 and O in PE layers,
respectively, while 0 and 1 in PM layers. The elastic tensor
element is described as Cyy=c;;—iwn;;, where ¢ is the real
part and 7, is the damping coefficient. It should be noticed
that there is no ME effect involved in this stage. In our
derivation, we have not supposed any a priori ME term that
is used in previous approximations.®® PE and PM effects can
inherently interact with each other. ME effect results natu-
rally from the stress that both adjacent PE and PM layers
suffer, and it will be revealed in the following discussion.

We also assume that the transverse dimensions are much
larger than the acoustic wavelength in the PPS, so a one-
dimensional model can be applied properly. Then, taking the
long-wavelength approximation into account and substituting
T into the equation of motion for superlattice vibrations, we
can obtain

PSs azs

p—— —Cy

P e 2[—615f(Z)E (2) — q158(2)H,(2)],

2)

where E;(z) and H,(z) are the x components of EM fields,
the p and Cy, are the effective mass density and the effective
elastic tensor element, respectivley. With the Fourier trans-
formation, the modulation functions are written as

eiG,,z

nir nir

G,=—]. 3

ot .
nir
|

G, ‘
=S —In___,iGz 6
% pw’ = CyG, ©

If the frequency of the incident EM wave is close
to the fundamental resonant frequency of transverse
vibration S5, we can get a=e'%1°G1/(pw?~Cy,G}) by ignor-
ing the other high-order reciprocal vectors. Owing
to the boundary conditions, the transverse electric and
magnetic fields are continuous at the interfaces of the layers.
In the long-wavelength approximation (the EM wavelength
is much larger than the period of the PPS), their variations
inside each layer can be neglected. So, E[‘=Ef"=E,
and H{=H{"=H,, where E; and H, represent their values
averaged over the period; the superscripts pe and pm
indicate the physical quantities of PE layers and PM
layers, respectively. Thus the x components of electric
displacement and magnetic field intensity averaged over the
period are
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| d )
D= 24 f [eoe)(2)EY + a1 (2) HYJdz
0

2d
+ f eoe(2) EY"dz
d

=gog k| +AesqisH,

o d 2
B =— f Mopy(2)HY dz + Leom(2) H!

+ B11(z)EY"dz

= pomyH 1+ AeysqisEy, (7)

where

s,pm 2
ey =(e11" +&11")/2 - Aejs/ey,

= (it + pyf™)/2 = A%s/#o,

A=2/[d*p(w’ - wé +iwy,)]. (8)

Here, wg=G vy and vg= v’m are the fundamental resonant
frequency and the effective velocity of the transverse acous-
tic wave in the PPS; yg=(744/C4s) wé is the relevant damping
constant. After this, we can easily get the expressions of D,
and B, for the transverse isotropy.

Similarly, the averaged values of the z components can be
obtained. The dynamic equation for longitudinal vibration S5
and its solution are

+S &
paT;—C ai = —[- e3f(2)E5(2) — g338(2) H5(2) ],
2
S3(2) = Epw - Gzele[— e33fuE3(2) — 4338, H3(2)].
n — L33

)

where E;(z) and Hs(z) are the z components of EM fields,
and p and Cj; are the effective mass density and the effective
elastic tensor element, respectively. Substitution of the ex-
pression of S5(z) into Eq. (1) gives

Ds(2) = e[ £33(2) — bexaf(2)f/e0)Es(2) — bexsqaaf(2)g,Hs(2),

Bs(2) = pol 135(2) = ba338(2) g/ ol H(2)

- bes3q338(2)f,E5(2), (10)
where
G? )
b= ————¢iGn, (11)
n pr - C33G}%

If the frequency is close to the fundamental resonant fre-
quency of longitudinal vibration S;, we can get b
=¢'01:G}/ (pw®~C33G?) by ignoring the other high-order re-
ciprocal vectors. In PE and PM layers, Eq. (10) can be ex-
pressed, respectively, as
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L[
I Zlfo [e0(e85 — be3afi/e0) ES — beszqzag  Hy ldz,
L[
By =~ jo poMhsHE dz,

| [

P m m

D" = ;l,f eoehy ER"dz,
d

2d
BY"=— | Lpoluhs'~ bassg1/ ko HE" = bassessf E5"1dz.
d
(12)
According to the boundary conditions, we have
Dpe me D%’
BY¥=B"=B,,
N 2d
Ey=— j EXdz + J Ef"dz |,
2d| Jy d
— 1l re 2d
H3 = 2_d f ngdz + f Hgmdz . (13)
| Jo d

Solving the combined equations composed of Egs. (12) and
(13), we can get

D;=¢gpe, B3+ as3Hs,

By = pop  Hy + B33E3, (14)
where

\pe

e, =2e3{" (e85} 23633)(,“0#33 + pomss 23‘1%3)/C’

sy = 260830 " (mou3]" — 2Bg3;)Bessq 3/ C,

s,pm

s =238 (o™ — 23q§3)(80833 +goey" — 233§3)/C,

B3 = 2,u,0,u,3 9(808 - 23e§3)B€33‘133/C’

B =2/[d’p(0* - } + iy 0p)],

C = (2083} + £0e3" — 2Be3s) (omsy + pou3d" — 2Bq55)
- 432633‘]33 (15)

Here, ;=G v, and v;,=1Cs3/p are the fundamental reso-
nant frequency and the effective velocity of the longitudinal
acoustic wave in the PPS; y;=(7s3/c33)ws is the relevant
longitudinal damping constant. If the top labels are omitted,
the constitutive equation for the effective medium can be
described as
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From Eq. (16), we can find that a PPS is another kind of
structure-induced bianisotropic medium,'® in which both po-
larization and magnetization linearly depend on the magnetic
field and the electric field, even though neither of the two
layers has ME effect. The ME effect in the PPS has been
obviously constructed by the fact that a PE layer is stressed
in an electric field, which, in turn, induces the magnetization
of the adjacent PM layer by PM effect. Similarly, the polar-
ization in PE layers is also related to the magnetization in
PM layers driven by the magnetic field. In other words, the
mechanical strain and stress bridge the coupling between the
electric field E and the magnetic field H in the PPS. The
scenario of the ME effect in the PPS is electric-field—stress—
magnetization and magnetic-field—stress—polarization.

III. PROPAGATION ALONG THE Z DIRECTION

In general, the propagation of EM waves in a bianisotro-
pic medium is complicated. Here, we just discuss some spe-
cial cases. First, we assume that the incident light is propa-
gating along the z axis and polarized in the y direction [s
polarization (E perpendicular to x-z plane)]. Due to ME ef-
fect, p polarization (E parallel to the x-z plane) will be ex-
cited by the s-polarized incidence, as shown in Fig. 1(a).
From Egs. (1) and (2) and the transverse isotropy, we can
find that a transverse superlattice vibration S, oscillating in
the y direction will be excited and synchronously induce
both the transverse electric polarization P, due to PE effect
and the transverse magnetic polarization M, due to PM ef-
fect. Through Maxwell’s equations, the two transverse polar-
izations will, in turn, emit orthogonally polarized EM waves.
Both of them interfere with the original EM waves. In fact,
the same process will be induced by S5, which is oscillating
in the x direction. This is to say that PE and PM phonon
polaritons could be excited, similar to the cases described,
respectively, in Refs. 6 and 7. In addition, the transverse
vibrations would bridge the coupling between the two polari-
tons. Corresponding changes would appear in the polariton
dispersion.

To get the polariton dispersion, we substitute Eq. (16) into
Maxwell’s equations. Thus, we can obtain

oE, . .
P iwpopyH, — iAwesqi5E, =0,

JE,

PR iwpomH | +iAwe sqisE; =0,
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Aejsqys 0 0 E,
0 Aeisqis 0 E,
0 0 1o E
33 3 (16)
Mok 0 0 H,
0 Moy 0 H,
0 0 momy || Hs
|
oH, . .
e +iweggEy + iAwesqsH, =0,
Z
oH, . .
(9_—l(,l)808||El—lA(l)elSqlsHl:O. (17)
Z
From Eq. (17), a dispersion relation can be obtained:
K10 = sopoe iy — A%eTsqls- (18)

The dispersion relation shown in Eq. (18) is a normal phonon
polariton? with the modulation from the coupling between
PE and PM polaritons (the second term of the right side).

A similar model of a PPS was proposed to realize double
negative permittivity and permeability without considering
elastic damping and ME effect.'! Due to the neglect of ME
effect, PE and PM polaritons would not couple with each
other, and accordingly the modulation term would disappear
in the case of Ref. 11. In Ref. 11, the excited PE and PM
polaritons will lead to individual band gaps near transverse
resonant frequency wg. Double negativity can, in principle,
be obtained in the overlapped band gap and result in a propa-
gating state, which might be the situation of negative refrac-
tion as predicted firstly by Veselago'?> and has recently at-
tracted intensive attention. However, for a real heterogeneous
PPS, a proper damping constant yg and ME effect must be
considered, which drastically modify the characters of the
EM waves, as described in the following.

In order to have a better understanding of the above the-
oretical results, we perform a realistic numerical computa-
tion for a PPS with om symmetry, such as a
BaTiO5-CoFe,0, superlattice.'® In the calculations of this
paper, a proper damping constant y¢=0.02wg is chosen. Each
layer in this PPS has a length of =500 nm. So, the trans-
verse resonant frequency wg is calculated at 18.0 GHz ac-
cording to Eq. (8). The abnormal dispersions of permittivity
and permeability, as functions of normalized frequency
(w/ wg), are shown in Figs. 1(b) and 1(c). The real part of
permeability keeps positive, and the imaginary parts of per-
mittivity and permeability are comparable to their real parts.
Moreover, the coupling between the parallel electric and
magnetic fields bridged by the transverse vibration gives
birth to ME effect. Due to ME effect, PE and PM polaritons
will further couple with each other, which leads to a new
coupled polariton. The polariton dispersion relations are
shown in Eq. (18) and Fig. 1(d). Near wg, the imaginary part
of the wave vector is large and no propagating mode exists.
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FIG. 2. (a) Schematic of the two orthogonally polarized EM
waves along the x axis and the first-order polariton dispersion
curves, and (b) the real part and (c) the imaginary part of the wave
vector k. The coupling between EM waves and the vibration S,
results in k, and k_ modes that are degenerating into s and p polar-
izations, respectively, when the frequency is away from wy.

The ME coupling term shown in Eq. (18) dramatically
changes the inherent characters of original PE and PM po-
laritons, even though their band gaps are still kept. Hence, it
is hard to realize negative refraction via this approach, due to
the huge loss and the intense ME coupling near wg.
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IV. PROPAGATION ALONG THE X DIRECTION

In addition to the coupled polariton, as we described
above, that is induced by EM waves propagating along the z
direction of the PPS, the case for the propagation of EM
wave along the x direction has also been investigated. We
assume that the incident EM wave is polarized in the y di-
rection and its frequency is near the transverse resonant fre-
quency, far from the longitudinal one. Thus, the ME effect in
the z direction can be negligible. Due to the ME effect in the
y direction, p polarization (E parallel to the x-z plane) will be
excited by the incident s polarization (E perpendicular to the
x-z plane), as shown in Fig. 2(a). Similar to the analysis in
Sec. III, both two orthogonally polarized EM waves can con-
tribute to the excitation of S,. In other words, the orthogo-
nally polarized EM waves will couple with the superlattice
vibration S, which results in PE and PM phonon polaritons.
The two polaritons then couple with each other due to ME
effect via Sy, leading to the corresponding coupled polari-
tons.

Substituting our constitutive equation into Maxwell’s
equations, we can get

oE; . :
" iwpomHy + iAweysqsE, =0,

IE,

— +iopou H3=0,
ox

oH; . .
P +l(,()808||E2+lA(1)€15q15H2=0,
X

oH
—2—iw808lE3=0. (19)
ox

From Eq. (19), we obtain the following polariton dispersion
relations:

f
ZC%ki/wz =M.=(gu, +e, ) EN(gu, - sl,uu)z + 4A2€152q1528L,U,L/80,LL0. (20)

Here, c is the phase velocity of EM waves in free space. The
transverse permittivity and permeability have abnormal dis-
persion relations, shown in Figs. 1(b) and 1(c); while the
longitudinal ones keep constant because the longitudinal ME
effect is ignored. The imaginary and real parts of the first-
order phonon polariton dispersions are plotted in Figs. 2(b)
and 2(c), respectively. The propagations of p polarization
and s polarization are illustrated in Fig. 2(b) too, which can
be obtained according to our constitutive equations by set-
ting all the elements of PE and PM tensors with the values of
0. It should be noticed that near wg, there is an exchange
point (see Fig. 2) in the dispersion curves of the first-order
polaritons, different from the conventional polalritons.1 The

second term of M. can also be expressed as
+D'(w)+iD"(w). If D'(w) is kept positive, the discontinu-
ity of the wave vector would appear when D"(w) changes its
sign. The exchange point is set when D"(w4)=0. The first
dispersion, named k, mode, has the large imaginary values
but small values above w,. The second one named k_ mode,
however, has correspondingly small and large imaginary val-
ues. When the frequency departs away from wy, k., and k_
modes degenerate into s polarization and p polarization, re-
spectively. We can draw a conclusion that below w,, k_
mode is supported and k, mode is forbidden, while vice
versa above w,. Such analysis of dispersion relations reveals
that, different from the case in the pure PE or PM superlat-
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FIG. 3. Variations of the parallel electric and magnetic fields in
the y direction. A combination between the two fields occurs and
the energy is transferred between electric and magnetic energies
bridged by the vibration S,.

tice, EM waves can travel through the PPS along the x axis
even in the original band gap, just by cleverly changing its
propagating mode at the exchange point w,.

To further investigate the characteristics of the PPS, a
quantitative analysis of EM spectra has been calculated. We
assume that the PPS has a length of L=5000d=2.5 mm in
the x direction and is located in the free space. Using the
dispersion relations and Maxell’s equations, we find that the
EM fields in the medium satisfy the following rules:

E,(x) = ae™** 4 ce™ 4 pe™ ¥ 4 etk

H;(x) = (ae ™ = ce*+)1Z5 + (be " — de™*)/7" ,
E;(x) = P, (ae™ ™ — ce™®+*) + P_(be ™ — de*-),

H,(x) = P,(ae™* + ce™) /70 + P_(be™* + de™*-)/ 27,
(21)

where

po- M . 12(gyp, — M +/2)
N Aeisqise  icy

2o’ M.
Zh= | BEL o TR (22)
- M.g - 2e0e]

In addition, we set the following boundary conditions:

EN0)=Ey, E30)=0,
EX0)=e, EX0)=Ff,
EN(L)=g, Ei(L)=h, (23)

where the superscripts I, R, and T represent the physical
quantities of the incidence, reflection, and transmission, re-
spectively. In the expressions of EM fields, time harmonic
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FIG. 4. The ratios of magnetic field to electric field in the y
direction. (a) and (b) show the magnitudes and the phase angles of
the ratios, respectively. Considering the dispersion curves, it is ob-
vious that at resonance the magnitude and the phase angle of the
supported mode have the values of about e;5/g;5 and 0, respec-
tively. With this given ratios of magnetic field to electric field in the
y direction, the vibration is weak and the total dissipation is low.

factor e is omitted. We can get eight equations including
eight variations, according to the boundary conditions of the
continuity of transverse electric and magnetic fields. The
eight variations from a to & are first referred in Egs. (21) and
(23). By solving the eight equations, we can obtain eight
expressions from a to h, respectively.

Now we can make a numerical analysis of the EM fields
inside and outside PPS. We define the transmission of the
EM__ fields _as tE5(L)=|Ey(L)/Ey| and  tH,(L)
=N uoHo(L)/ (NeoEap)|=|E5(L)/ Eyg|. Their dependences on
normalized frequency are shown in Fig. 3. One can find that
at resonance, a very large conversion from the electric field
to the magnetic field in the y direction occurs, though the
efficiency is not quite high. Seen from Fig. 2(c), if there is a
gap for EM waves, the imaginary value of the wave vector is
about 100 cm™' near the resonant frequency. For our PPS
with the length L=2.5 mm, the transmission index should be
about ¢~ that is much less than tH,(L) of 0.08 shown in
Fig. 3. Hence, we can get a conclusion that EM waves can
certainly travel through the PPS even in the original forbid-
den gap, just by wisely changing its propagating mode at the
exchange point wy.

All above indicate that the coupling between polaritons,
induced by PE and PM effects, makes it possible for
EM waves to break the ban on the propagation near the
resonant frequency. However, the results are quite different
for the propagations along the x and z directions. Taking
transverse isotropy into account and neglecting the higher-
order reciprocal vectors, we can reduce Eq. (4) to
S, (—eysE,+q,sH,). For the PE superlattice*~® with g,5=0,
the magnitude of this vibration is proportional to the electric
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field. For the PM superlattice’” with e;s=0, it is proportional
to the magnetic field. For the PPS, however, it is proportional
to the linear combination of electric and magnetic fields. In
the PE or the PM superlattice, intense reflective waves are
excited to cut the vibration magnitude down, which results in
band gaps. However, in the PPS, a route has been proposed
above that EM waves can propagate near the resonant fre-
quency by diminishing the magnitude of vibration S, with a
given combination of electric and magnetic fields.

To see this clearly, we can define the ratios of the mag-
netic field to the electric field propagating in the y direction
with different modes as r.(x)=P./Z"™, according to Eq.
(21). We randomly choose a position far from the incident
position along the x axis, such as x=0.5L. The ratios at this
position are calculated, and their magnitudes and phase
angles are plotted in Figs. 4(a) and 4(b). It should be noticed
that the identical exchange point w, appears again. Near this
point, for the propagating modes, the magnitudes of the ra-
tios are about e15/q;s, and the phase angles are about 0; for
the forbidden modes, they are about 10™* and 3, respec-
tively. In this way, the vibration in the y direction S, is defi-
nitely weakened. This is to say that the EM waves propagat-
ing along the x axis can travel through the PPS with less
dissipation even at resonant frequency. Unfortunately, when
EM waves are propagating along the z axis, although one of
the two degenerate transverse vibrations, S, and S5, is weak-
ened while the other is enhanced. So, the gap still exists,
even though the coupling does occur. Generally, in a PPS,
intense coupling between EM waves and superlattice vibra-
tions does not always mean intense vibrations.

PHYSICAL REVIEW B 77, 075126 (2008)

V. CONCLUSION

To summarize, we have demonstrated clearly how ME
effect occurs naturally from PE and PM effects through their
mechanical strain in a PPS and deduced the constitutive
equation for this effective medium. With the constitutive
equation and Maxwell’s equations, we have studied the
propagation of EM waves in a PPS. It turns out that the
superlattice vibrations can couple synchronously with the
electric field and the magnetic field of EM waves, which
results in coupled phonon polaritons. Because of the cou-
pling between phonon polaritons, we find that the propaga-
tion of EM waves is remodeled, especially near the resonant
frequency: The propagation along the x axis is permitted,
while it is forbidden along the z axis due to the degenerate
transverse phonons. The coupling in a PPS presents an ap-
proach for EM waves to break the ban on the propagation
near the resonant frequency, exhibiting rich physics in artifi-
cial microstructures. The properties can give birth to some
practical applications, such as for wave division
multiplexing'® devices in optical communications and for
microwave absorption.

ACKNOWLEDGMENTS

This work was jointly supported by the State Key Pro-
gram for Basic Research of China (Grant No.
2007CB613202) and National Natural Science Foundation of
China (Grants No. 50632030 and No. 50602022). We ac-
knowledge the support by the Program for Changjiang
Scholars and Innovative Research Team in University
(PCSIRT).

*yfchen@nju.edu.cn

IS. G. Johason and J. D. Joannopoulos, Photonic Crystals: The
Road from Theory to Practice (Kluwer Academic, Boston,
2002).

M. Born and K. Huang, Dynamical Theory of Crystal Lattice
(Clarendon, Oxford, 1954).

3R. Tsu and S. S. Jha, Appl. Phys. Lett. 20, 16 (1972).

4Y. Y. Zhu, N. B. Ming, W. H. Jiang, and Y. A. Shui, Appl. Phys.
Lett. 53, 1381 (1988).

3Y. Y. Zhu and N. B. Ming, J. Appl. Phys. 72, 904 (1992).

' Q.Lu, Y. Y. Zhu, Y. F. Chen, S. N. Zhu, N. B. Ming, and Y. J.
Feng, Science 284, 1822 (1999).

"H. Liu, S. N. Zhu, G. Dong, Y. Y. Zhu, Y. F. Chen, and N. B.
Ming, Phys. Rev. B 71, 125106 (2005).

8C. W. Nan, Phys. Rev. B 50, 6082 (1994).

°M. L Bichurin, V. M. Petrov, and G. Srinivasan, J. Appl. Phys.

92, 7681 (2002).

10, A. Kong, Theory of Electromagnetic Waves (Wiley, New York,
1975).

H. Liu, S. N. Zhu, Y. Y. Zhu, Y. F. Chen, and N. B. Ming, Appl.
Phys. Lett. 86, 102904 (2005).

12V, G. Veselago, Sov. Phys. Usp. 10, 509 (1968).

B For the BaTiO5 ceramic, we use p=5700 kg m™, ¢3;=162 GPa,
c44=43 GPa, €},=1264, £5,=1423, uj;=4, ui;=8, and es
=11.6Cm™2; for the CoFe,0O, ceramic, we use p
=5000 kg m™>, ¢33=269.5 GPa, c44=45.3 GPa, &},=9, &5,=10,
w}=470, w5,=125, and ¢;5=550 N A~'m™!; for the effective
medium, we use p=5350kgm™>, c¢3;;=204 GPa, and cyy
=44 GPa (see Refs. 14 and 15).

14J. H. Huang and W. S. Kuo, J. Appl. Phys. 81, 1378 (1997).

ISE. Pan, ZAMP 53, 815 (2002).

16B. Mukherjee, IEEE J. Sel. Areas Commun. 18, 1810 (2000).

075126-7



