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In this work, we explore the possibility of designing photonic crystals to act as magnetic
metamaterials: structures that exhibit magnetic properties despite the nonmagnetic character of their
constituents. The building blocks of a magnetic material are microscopic magnetic dipoles, and to
create a synthetic analog we employ point-defect modes in a photonic crystal. We begin by
identifying a point defect mode in a three-dimensional crystal whose local field pattern resembles an
oscillating magnetic moment. By analyzing the far-field pattern of the field radiated from the defect,
we prove quantitatively that such modes can be designed with a primarily magnetic character: over
98% of the emitted power goes into magnetic multipole radiation. Unlike the constituents of natural
para- and ferromagnetic materials, these synthetic magnetic emitters can be designed to operate
without losses even at optical frequencies. 2003 American Institute of Physics.
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The concept of designing electromagnetic “metamateri-and TE polarizations, respectively. In this letter, we focus on
als,” synthetic structures that exhibit effective properties dif-a point defect that resembles a magnetic moment. We show
ferent from those of their constituent materials, has sparkethat such a defect can be incorporated into a finite crystal so
interest as a means of achieving physical behaviors not founidhat the structure becomes a magnetic emitter: nearly all of
in naturally occurring materials or composites. The realizathe radiated power goes into magnetic, rather than electric,
tion of negative refraction, for example, may allow for a multipole terms, as determined by a multipole decomposition
class of optical effects and devickS Here we consider how ©f the far field. This magnetic emitter, unlike an oscillating
metamaterials can be constructed within a photonic-crystagurrent loop(a familiar magnetic dipole sourgecan be de-
system. Previous work in two-dimensior@D) systems has signed to operate even at optical frequencies, where naturally
developed an effective medium theory to show that magneti€ccurring materials have an insignificant or very lossy mag-
resonances can lead to a negative effective magnetic permBetic response. We believe that such defects are promising
ability, or x.* Here, we use point-defect modes to Createbuildipg blocks f_or const.ruct.ing a type of m_etamaterjal that
magnetic resonances in a three-dimensiaal) photonic ~ €xhibits magnetic behavior in a previously inaccessible fre-
crystal. Photonic crystals are periodic dielectric structure§lU€NCY range. Moreover, because the 3D crystal that we
with a forbidden frequency range, the band gap, in whicrstudy a!so supports.defect state; that resemble eIecFrlc.mo—
light cannot propagate. For frequencies in the gap, light idnents, it cpuld prowde a useful !nfrastructu're for designing
confined near defects in the structure, which can be designé'aetamaterlals with ferroelectric-like properties.

to have desired frequency and polarization characteristicB The crystal structure that we study, described in detail in

We suggest that these defects might be used as buildin ef. 5, has alarge, complete, band gap of around 20% of the
idgap frequency for Si/air structures, and is comprised of

blocks for a type of metamaterial: photonic crystals with .
o ) L . two types of alternating layers, rod layers and hole layers.
combinations of point defects chosen to give rise to various . 4 . :
Rod layers are formed by triangular lattices of dielectric rods

desired properties. In this letter, we identify building blocks. ~_. : ) .
S . S S —in air, while hole layers are formed by triangular lattices of
for obtaining magnetic behavior in a nonmagnetic dielectric

o . > air holes in dielectric. It has been shown in Ref. 7 that de-
system, quantitatively demonstrating that point-defect mOdeFects can be designed to be almost completely TM or TE
can be designed to have a magnetic character.

We ch three-di ional photoni tal st polarized in the midplane of the layer by working within a
€ choose a three-dimensional photonic-crystal s rLIC'single rod or hole layer, respectively. In order to create a

tu_re_that s composed of a_stack of alt_ernatlng layers thafiofect \ith magnetic character, we select the TE polarization
mimic 2D TE', and TM-polarized photor.nc crystals. By cre- (magnetic field perpendicular to the midplane of the layer
ating defects in these layers, the local field pattern and Symy 4 jncrease the radius of a single hole from its bulk value of
metry of the state can be made to resemble either an 0sciy 414t 0.5, wherea is the nearest-neighbor spacing in
lating magnetic or electric moment, corresponding to the TMgjther a hole or rod layer. Cross sections of the electromag-

netic field mode for this defect in the bulk crystal, computed
in the standard mann@rare shown in Fig. 1. The defect
mode resembles the field of an oscillating magnetic moment
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FIG. 1. (Color) Electromagnetic mode profiles for a magnetic-moment-like
point defect in a 3D photonic crystal structure. The top and bottom pictures
show, respectively, the electric and magnetic field components perpendicular [
to the plane. Red represents negative values and blue represents positive —
values; white corresponds to zero. The color map has been exaggerated.
Yellow shading indicates dielectric material.

in several respects. The magnetic field in the midplane is
almost completely(99%) polarized perpendicular to the
plane! and the parity of the state is odd under inversitre ‘
electric field is odd, while the pseudovector magnetic field is
even. Moreover, the local field pattern of the mode re- |
sembles that of an ideal dipole, with some additional struc- l
ture induced by the photonic crystal.

To determine the degree of magnetic character of thé&lG. 2. (Color) Radiating point defect modes for three different cuts of the

mode, we studied the properties of radiation from such é)hotom(_: c_rystal. The left- and rlgh_t-hand columns show the‘electrlc and
magnetic field components perpendicular to the plane, respectively. The col-

defect in a finite crystal. The coupling of light into radiation ormap has been exaggerated to make the far-field radiation more visible.
modes will depend on the mode profile at the crystal boundyellow shading indicates dielectric material.
ary. In order to preserve the dominant TE-like polarization of

the mode, the crystal was cleaved close to the defect layer, elkr—iot

resulting in a crystal that was three hole layers and two rod H(r>\)= TE (i)'t

layers high, with the defect contained in the central hole hm

layer. The radiation fields were calculated using 3D, full- X [ag(l,m)X;m+ay(l,mFx X1,

vectorial, finite-difference time-domai(*FDTD) simulations

of  Maxwell's equation$ with perfectly-matcheg-layer where theX,,,’s are the vector spherical harmonics, given by
boundary regions at th_e edge; of the comp.utat.lona Jaie Xm(0,6) = LV\[TTFDILY (6, ¢), andL is the angular-
defect mode was excited using a magnetlc—tjlpole source ahomentum operator, ik X V). a,, andag are the magnetic
the center of the defect. The frequency, amplitude, and quakng electric multipole moments, respectively, and each mul-
ity factor (Q) of the mode were extracted from the field de-

C?'y afte_r _Source tum_o_ff’ using a Iow-storage filter- TABLE |. Quality factor Q and dominant multipole coefficients for the
diagonalization methot. Figure 2 shows snapshots of the radiating point-defect states shown in Fig. 2. The radius of the photonic
radiated fields for three different crystal radii= 3.5, 4.5, crystal is given byr; @ is the in-plane lattice constant of the crystisll,,

and 5.%; the correspondin values are shown in Table . denotes the percentage of the total radiated power due to magnetic multipole

Notice that while the mode in the vicinity of the defect looks ferms-
very similar for all three cases, the structure of the radiated r=35 r=4.5a r=5.5
fields changes, with the field amplitudes decreasing in the Q 174 299 320
plane of the crystal for increasing crystal radius. lay(1,0)2 50 30% 37%
The magnetic character of the radiation mode was quan- lay(3,0)2 50% 50% 50%
titatively determined by performing a multipole decomposi- law(5,0)/? 8% 10% 8%
tion of the far field. For a generalized localized source dis- A" otherlau(.m|* =3% =1% <0.5%
. . L . L. Any |ag(l,m)] <4% <0.5% <0.5%
tribution, the magnetic field in the radiation zorrex(\) can M e 79% 96% 08%

be written(see Ref. 1
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tipole radiates a time-averaged power of Starting with a point defect in a bulk photonic crystal
Jmol€ol (2k?)|a(l,m)|2. Using the orthogonality relations whose local field pattern resembles an oscillating magnetic
for the vector spherical harmonics moment, we have shown that the crystal boundary can be cut
so that the radiation from the defect mode is almost com-
f X{r s XimdQ = 8+ Sy pletely magnetic. Unlike traditional magnetic sources, this
magnetic emitter can be designed to operate even at optical
and frequencies(In a practical implementation, the defect mode
would be excited by shining light onto the crystal from an
f X,*,m,-(fxx|m)d(2=0, optical source. This process could be enhanced by incorpo-
rating a fluorescent dye within the crystal to absorb outside
we obtained the multipole coefficierg, andag by numeri-  the band gap and emit at the frequency of the point-defect
cal integration over a sphere near the boundary of the commode) Using the point-defect mode that we study here as a
putational cell. building block, it may now be possible to design arrays of
The results are shown in Table |. The absolute value ofjefects that yield magnetic bulk properties in photonic crys-
the multipole moments squardd,(l,m)|?, is expressed as a tals; “Ferromagnetic” and “antiferromagnetic” arrays, for
percentage of the total power radiated. For all three Crystaéxamp|e, can be created by Operating at frequencies corre-
structures, the largest multipole moments were magnetigponding to wave vectors at the edge of the Brillouin zone,
with m=0 andl=1, 3, or 5. As the crystal diameter in- \yhere adjacent defect states will have phase shifts@fr
creases, the strength of tiie, 0) magnetic dipole term in- ;. Creating defects within the rod layer of the 3D photonic
creases, while the strength of ti@, 0) and (5, ) terms  ¢rystal, which behave like electric multipoles, could simi-
remains approximately fixed. This trend can be understooghyy allow the design of ferroelectric and antiferroelectric

from the fact that the crystal must block radiation in the arrays. Investigation of the properties of these defect com-
lateral direction, as seen in Fig. 2. As the 0 component plexes is a promising direction for future work.
increases, it cancels tHe=3 component to reduce the am-
plitude of the fields in the plane of the crystal. The percent-  This work was supported by DoD/ONR MURI Grant
age of the power that is emitted in magnetic multipole termsNo. N00014-01-1-0803 and the MRSEC program of the NSF
Mpwr, is also given in the table. The power is mostly mag-under Award Nos. DMR-9400334 and DMR-0213282. The
netic for all three crystals, wit . increasing to a maxi- authors would like to thank E. Lidorikis, S. Schultz, D. R.
mum of 98% for the largest crystal radius studied. MoreoverSmith, S. R. Nagel, and M. Yahyanejad for helpful discus-
the crystal height was found to be an important parameter isions, as well as E. Lidorikis and C. Luo for recent improve-
determining the percentage of power that goes into magnetiments to the FDTD code.
radiation; increasing the height of the=4.5a crystal so that
itincluded nine hole layers significantly reduckf,,,, from
96% to 60%.
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