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Coupling of electromagnetic waves and superlattice vibrations in a piezomagnetic superlattice:
Creation of a polariton through the piezomagnetic effect
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We studied the propagation of an electromagnéfikl) 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 permeability is of particular  possible. Therefore, a kind of negative permeability material
interest, not only because this is a regime not observed inan be constituted in piezomagnetic superlattice.
ordinary materials, but also because such a medium can be In order to elucidate the above idea, let us consider a
combined with a negative permittivity to form a “left-  one-dimensiona(1D) periodic structure composed of alter-
handed” materiali.e., EXH lies along the direction of k  nating layers of NiOFg; and NiQ, ¢ZnO, ,Fe,05 along the
for propagating plane waves? In recent work} Pendryet  z axis. Through changing the doping contents of NiO and
al. have introduced the split ring resona@RR medium  ZnO, a period superlattice can be attained which is shown in
whose dominant behavior can be interpreted as having aRig. 1. As illustrated in Table 1% a different doping ratio
effective magnetic permeability. By making the constituentintroduces a different piezomagnetic coefficient. Therefore,
units resonant, the magnitude pfis enhanced considerably, the piezomagnetic coefficient is modulated periodically in

leading to a large positive effectiyenear the low-frequency the superlattice along the axis. The piezomagnetic tensor
side of the resonance and, most strikingly, negagiveear  matrix has the form
the high-frequency side of the resonance. More recently, a

magnetic response at terahertz frequencies has been achieved 0 0 0 0 a2 O

in a plannar structure gompp_s_ed of SRR 'eleménts. (g)=| O 0 0 qs2 0 0l (1
On the other hand, in artificial composites such as super- B & @ 0 0o o

lattices, the periodic modulation of related physical param- Ua1(2) Q31(2) G332

eters may result in some coupling effects. For example, agqere, Voigt's notation is used in the representation of three-
sociated with the variation of dielectric constants is thegrger tensoi, — gy (j,k— J), which is specified in Table

photonic crystét2 and the modulation of nonlinear optical Il. In the layers NiOFgO; (0<z<d), Qu2

coefficients results in a quasi-phase-matched frequenc¥_212 4 N/AM andgs;(2)=-96.7 N/Am, while in the lay-
910 ) . . . ,
conversior?.1° Recently, a coupling between the superlattlceers NiQ, ZN0p F&0; (d=z<A), Ggs(2)=-285.6 N/Am

vibrations and the electromagnet{EM) wave was estab- T o O
lished in piezoelectric superlatticés}3in which the piezo- and d3,(2)=-125.7 N/Am. The modification is along the

electric coefficient is modulated. This coupling produced a X
new type of polariton, in which the resonance frequency was 4

determined by the period of superlattice and the negative
effective permittivity e.(w) can be got near the high-
i X, k &
frequency side of the resonance. o
In the present work, we will construct another kind of i §
periodic structure, the piezomagnetic superlattice, with the 9 o e
piezomagnetic coefficient being modulated. In this system, 4 z Cz.”
the superlattice vibrations will induce spin waves due to the Y >
z

piezomagnetic effect. The lateral spin waves in turn will emit

EM waves that interfere with the original EM wave. In such y
a case, the lattice vibration will couple strongly with the EM

wave and result in polariton excitation. Near the piezomag- FIG. 1. Schematic illustration of the piezomagnetic
netic polariton resonance, a negatiugi(w) will be shown  superlattice.

Q
Q
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TABLE |. Piezomagnetic properties of the NjEnO,_,Fe,0O5 superlattice.

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

Gaz (N/Am) -113.1 -78.5 -128.2 -1445 -212.4 -285.6
0z1 (N/AM) -44.1 -31.8 -61.9 -79.5 -96.7 -125.7

axis; the reciprocal vectors for periodic structure should be Lo

< (= P&y + i T 40

G=(0,0,G,) (Gp,=mm/d,m=1,3,5,..). Also we assume T T HkIHHEL K

that the transverse dimensions are very large compared with -

an acoustic wavelength so that a one-dimensional model is = > (=) GG Hyel e (6)
= i

applicable. When an EM wave is radiated into this piezo-

magnetic superlattice, an acoustic wave will be excited, order for the two sides of Eq5) to be equalg must

through the piezomagnetic effect. The coupled interaction tisfyG=k+ G~ G f f th . | t' f th

between the EM wave and acoustic wave can be describ |_sfy.q— = 1or one of the reciprocal vectors ot the
periodic superlattice. Then we obtain, from E6),

by the constitutive equations

. AUy OH. B = uH ( )ﬁuj @ (= pa?Si + G GiG)TU(G =K+ G) = (- )GGiHk  (7)
=G —— + 0 (Z , .= usH. —a.. Z_,

ij = Gijkl . Cijk k i = MijHj ~ Oijk X, and we have

where Ty, U, H, B, G, and uj; are the stress tensor, dis- Uk:i(pwzajk—cijkleiG,)‘lei“qijkﬁk. (8)

placement field, magnetic field, magnetic displacement, and
the elastic and static permeability, respectively. With the usd hen,
of Newton's law pd?u;/ at?=(d/ 9x)T;j, the equation of mo-

ij au g ~ -
tion for a vibrating medium can be obtained (9_xk = e"G'rGj(pwzéjk— cijk|GiG,)‘lquiijk(r,t). 9
i
p& Y -Ciyg P - ‘7(q'Jk(Z)Hk), 3) Substituting Eq.(9) into (2) and using the space average
a2 axax, X value, we get
wherep is the mass density arg,; is the stiffness tensor of Bi = ui(w)Hy, (10
superlattice. By using the Fourier transformation
where
u; =fﬁ,-é(“’t‘d'”dt1 ka F'kei(wt_mdﬁa /Lik(w):#i+’qiijj(_ pw® S+ Cija GiG) "G (11)
) If we choose the first reciprocal vect@= (0,0,Gy=m/d),
() = Zaijk(G)e—iG-F, (4) the permeability coefficients matrix can be attained as
¢ pi(w O 0
whereg is the phonon wave vectdk,is the electromagnetic )= 0 ui(w) 0 | (12
wave vector, ands is the reciprocal vector of modulated 0 0 o
structures, Eq(2) can be expressed as
Here,
f (= pw?Sy + CijquiQI)ukeKwt_dﬂ 07 o~ 0 s O~
pi(@)=w—7=—, wlo)=upzz—> ——, (13
wl - W w” —w
= Z J (_ |)(l2+ C-;)i’(.jijk"'_]kei[wt_(k-'-G)ﬂdl—()' (5) where (OX} :Gl\‘”C44/p, w||:61V’C33/P’ W, o
G

=\0? +T3,GF/ (pp3y), andaw o=\ of +T3,G7/ (pp3y). . and

wy are the resonance frequency of the longitudinal vibration
and transverse vibration due to piezomagnetic effect. Equa-
tion (13) exhibits the resonance structure produced in the

For photons with long wavelengttk| <G, Eq. (5) becomes

TABLE II. Voigts notation used in representation of niezomagnetic superlattice which profoundly affects the

Glijk— Ghia- propagation of electromagnetic waves with frequency near
o, andw;.

. 293 @3 &2 The effective dielectric tensor of piezomagnetic superlat-

Gbw @&y 22 @3 G2 GBI @9 tice can be derived from the average-field method. Straight-

J 1 2 3 4 5 6 forward algebra gives the effective dielectric tensor in the

well-known formt
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g, 0 0 magnetic wave can be obtained by setting the determinant in
=0 & o] (14) Eqgs.(17) equal to zero.

From Egs.(17), one sees that there are two propagating
0 0 g modes: one with the magnetic field vector normal to xize

In the discussion that follows, we shall assume for simplicityp_lgne_ am:] orf1_e with (’;he mﬁgﬂetic field i_n ?Wfé)lane' Clon- h
that the dielectric constant of the superlattice is independerﬁI ering the first mode with the magnetic held normal to the

of frequency near the magnetic resonance frequensies Xz plane, the magnetic field.is in thedirection, parallel to _
the xy plane. We refer to this mode as the TM mode. This

a.nd wH. . . . . . )
The dispersion relation for polariton propagating in piezo-diSPersion refation is obtained from Eqg7b) and (13):
magnetic superlattices follows from Maxwell's equations. c2K2 W2 = w2
= — s 1.0
After eliminating E in the curl equations, one obtains the w2 = p118(6) W2 -2’ (18
- 1

following wave equation foH:

where &(6)=\sirfd/ g, +cosdle,. The polariton with the
magnetic field in thexz plane has a more complex dispersion
relation for a general value of. We refer to this second

_ . o mode as the TE polariton. Whef=0 (propagation along
wherec is the electromagnetic wave velocity in vacuum, axis), the dispersion relation is

the angular frequency, arid* the inverse of Eq(14). Since X
the susceptibility tensor is isotropic in thg plane, there is c%k? )

2
KX [eL (k% H)]+%,&’(m)-H:O, (15)

2

—,,S s
no loss of generality if we choose the wave vedtdm the xz w2 P2 (19
plane, as shown in Fig. 1. The angle between the wave vector ) )
and thez axis will be denoted by, so that It has same resonance frequency with that obtained for the
TM polariton, which described the coupling between the EM
ky=ksinf, k,=kcosé. (16) mode,V.=c/\u$e , and the transverse phonons. When
, =/2 (propagation along ther axis), the dispersion relation
Then, if we proceed by the use of Ed.5), we have becomes
w? 2,2 2 _ 2
(W,uﬂsl—cos2 6>HX+ sinfdcoséH,=0, (179 Cw—lzzﬂgssi%, (20)

w2 e, which shows coupling happens between the EM mufde
(2—k2,uLsL - sir — - cog G)Hy: 0, (17b)  =c/Vu3se, and the longitudinal phonons. For any other di-

¢ & rection (## 0 andw/2), the resonance frequency is neither
w, nor w; and no pure longitudinal and transverse coupling
occurs. EM wave is coupled to the admixture mode of lon-
gitudinal phonon and transverse phonon.

Figures 2a) and 2b) shows the coupled modes of photon
Equations(17) are a set of three homogeneous equationgind transverse phonons in the superlattice described by Egs.
satisfied byH in the superlattice. The polariton dispersion (13) and (19). The solid line labeled/,=c/\u,e, corre-
relation due to the coupling between the spins and electrosponds to EM waves, but uncoupled to the lattice vibrations,

. w? .
sin#coséH, + ol sif #|H,=0. (170
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and the dotted line represents the lattice vibration in the ablattice with an oblique angléd+# 0 and«/2), the EM wave
sence of coupling to the EM field. The region of the cross-will not only couple with the longitudinal phonon but also
over [marked byA in Fig. 3(b)] of the solid line and the couple with the transverse phonon. The dispersion relation of
dotted line is the resonance region. By resonance, we megfe admixture polariton can be calculated from EG<a

that the frequency of the EM wave equals the acoustic réSQ3nq (179, which is shown in Figs. @) and 3b). It can be
nance frequency of the superlattice determined by the PETaen that there are two resonance regions in the curves. But

odicity. At resonance the photon-pho_non coupling e_ntlrelythe resonances are not equaldo and w,, which are both
changes the character of the propagation. The heavy lines aje

- ) g . . unctions ofé. In this general case, negative permeability can
the d'spers'oﬂ reI.atlons in the presence of goupllng betweeglso be attained in the two resonance regions. The above
the lateral spins induced by a lattice vibration and the EM i

wave. In the resonance reaion the propacation mode is ner_esults show that the piezomagnetic superlattice can be a
ther é ure photon mode n%r a urep acpougstic mode in a natr(-ind of artificial material to produce negative permeability.
P b P In this paper, we only consider one-dimensional piezo-

row range ofk values. The quantum of the coupled IOhOton'magnetic multilayer structure. The mathematical model in-

pg&?ﬁgnngz éﬁgt Iéf tcr?(lalitz)ua Iiﬁd?stlignc;ré;ts aafrteypfer?c]: troduced here can be extended to two- and three-dimensional
P ' Ping 1S K q ystructures, which can also be proved to produce negative
gap betweerw, andw, o. For frequenciesy, <w<w,

permeability. On the other hand, the piezomagnetic superlat-
tice can be combined with the piezoelectric superlattice to
$nake left-handed material. Further study will be carried out
%o realize this object.

In summary, a kind of periodic structure, the piezomag-

vibration through the piezomagnetic effect. The resonan
frequencyw | =(7r/d)\Ca4/ p is mainly determined by the pe-

riodic of the superlattice) =2d. As o, <, o, the band 9aP  netic superlattice, is constructed in this paper. The propaga-
IS , @p.0"@L wide, which is determined by A® i5h property of an EM wave in a piezomagnetic superlattice
=01G1/ (pusy)- The larger thed value is, the stronger the a5 studied theoretically. A type of magnetic polariton was
coupling and the wider the gap. The negative band can bgroposed which originates from the coupling of the EM
widened by use of some materials with larger piezomagnetigaye with the lattice vibration through the piezomagnetic
coupling coefficients. If the period i4=0.1,um, the first-  effect. At some resonance frequency regions, negative per-

order reciprocal vector of th7is Q?riodic structure can be atyeapility can be attained and the piezomagnetic superlattice
tained asG,=7/d=6.283< 10" m™". The average mass den- can make a kind of negative permeability material.

sity of superlattice is p=5.0x10°kg/m® and the

piezomagnetic parameters used is given in Table |. The trans- This work was supported by grants for the State Key Pro-

verse resonance frequency can be attainedwas4.44  gram for Basic Research of China, and by the National Natu-

X 10* Hz and the negative range is about 8.50'° Hz. By  ral Science Foundation of China under Contract No.

varying the period of the superlattice, a wide range of nega90201008 and of Jiangsu Province under Grant No.

tive permeability can be achieved. BK2002202, and by Jiangsu Planned Projects for Postdoc-
If the EM wave is radiated into the piezomagnetic supertoral Research Funds.
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