
Korea

PHYSICAL REVIEW B 15 JUNE 2000-IVOLUME 61, NUMBER 23
Two-dimensional tunable magnetic photonic crystals
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We have calculated the photonic band structure for a cubic block of magnetically saturated ferrite material
having a triangular array of circular holes that is under the influence of an external static magnetic fieldHex

5Hexz applied in the hole direction. In this two-dimensional magnetic photonic crystal, the saturated magne-
tism can affect the transverse electric~TE! mode whose electric field lies in thez axis, but not the transverse
magnetic mode. The photonic band gaps of the TE mode shift to lower frequencies and their widths become
narrower compared to the case when the relative magnetic permeabilitym51.0. Both the position and the
width of the photonic band gap increase in frequency asHex increases and the gap never becomes larger than
that for m51.0.
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Recently, there has been much attention paid to perio
dielectric composites~photonic crystals! that possess photo
nic band gaps~PBG’s!, in which electromagnetic waves can
not propagate in any direction.1–7 It is well known that the
periodic variation of dielectric constant or refractive ind
can give rise to PBG’s. However, we have recently dem
strated that the wave impedance plays the essential ro
the formation of PBG’s rather than the dielectric constant
the refractive index.8 The effects of magnetic permeabilit
on PBG’s, investigated by Sigalaset al.,9 can be well ex-
plained by the role of wave impedance in the formation
PBG’s.

Up to now, magnetic materials have not attracted mu
attention for photonic crystals, since the relative permeab
m of magnetic material is equal to 1.0 in the optical ran
However, most ferrites have values ofm quite different from
1 in the microwave range and thus can be exploited for
crowave PBG’s. When ferrites are employed in microwa
devices, they are usually operated in the saturated state
they can be very lossy below saturation in the microwa
range. Them value of magnetically saturated ferrites in th
microwave range depends on the saturation magnetiza
the microwave frequency, and the external static magn
field Hex. Therefore, ferrites make tunable PBG’s possi
with applied magnetic fields. Recently, a report was made
one-dimensional tunable metallic photonic crystals using
external magnetic field.10 Also, a tunable optical PBG can b
realized by controlling the orientational order in a nema
liquid crystal infiltrated into the void regions of PBG
materials.11

In this report, we investigate theoretically the propert
of two-dimensional~2D! ferrite photonic crystals for two in-
dependent polarizations. Circular holes in a triangular ar
are assumed to be drilled along thez axis of a cubic ferrite
block perpendicular to the propagation direction of the m
crowaves. The external static magnetic field is assumed t
applied so thatHex5Hexz.

The magnetic field of the transverse magnetic~TM!
mode, which is parallel toHex, does not interact with the
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dipole moments of the saturated ferrite medium, and thum
of the ferrrite is 1.0.12 Therefore, for the TM mode, the cha
acteristics of a 2Dz-biased ferrite photonic crystal are th
same as those of a 2D dielectric photonic crystal with
dielectric constant of the ferrite medium. Since the dielec
losses of ferrites can be neglected in the ferrite opera
frequency range and the dielectric constants of typical fer
materials are in the range of 12.0–16.0,13 we can expect
rather wide PBG’s in this TM mode.

In the transverse electric~TE! mode, the magnetic field o
the mode is perpendicular toHex and thus it induces a pre
cession of magnetic dipoles around the external field at
mode frequency. Thus, for the TE mode,m of the ferrite is a
function of frequencyv, the saturation magnetization of fe
rite, Ms , and the strength of the applied fieldHex as

m5
~vex1vm!22v2

vex~vex1vm!2v2
, ~1!

wherevex5gHex andvm54pgMs .12 g is the ratio of the
spin magnetic moment to the spin angular momentum,
gyromagnetic ratio. The TE mode in a 2D ferrite photon
crystal satisfies

(
K8

MK ,K8EK85
v2

c2
EK , ~2!

wherec is the velocity of light in vacuum and

MK ,K85(
G9

mG9
21eK2K82G9

21
~K 81G9!•K 8, ~3!

with K5k1G, K 85k1G8. Here,k is a wave vector in the
Brillouin zone,G,G8, andG9 are reciprocal lattice vectors
andmG9

21 and eK2K82G9
21 are the Fourier transforms ofm(r )

ande(r ), respectively. Equation~2! cannot be solved by the
standard matrix diagonalization method2 becausemG9

21 de-
pends onv. However, we can calculate the matrix solutio
of Eq. ~2! by means of the effective way to treat frequenc
15 523 ©2000 The American Physical Society
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15 524 PRB 61BRIEF REPORTS
dependent media already reported:14,15 we took 1000 mesh
points for 0,va/2pc<1 for a givenk, wherea is the lat-
tice constant. At these mesh points, we calculated the de
minants of the matrix equation and found the region wh
the determinants of the neighboring mesh points change s

Figure 1 shows the lowest five photonic bands of a tri
gular lattice of air rods in a saturated ferrite medium for t
TE mode when the permeabilitym and the dielectric constan
of the ferrite medium,e, are assumed to be 1.0 and 12.2
respectively. The radius of the air rod is 0.4233a and the
frequency is normalized to 2pc/a. These photonic bands ca
also be obtained from a standard matrix diagonalizat
method,9 the results of which are indicated by the dash
lines. We used 253 plane waves in both cases. The two a
excellent agreement with each other, as expected.

Figure 2 represents the lowest five photonic bands o
ferrite triangular photonic crystal for the TE mode and t
dependence ofm on va/2pc when vexa/2pc51.0 and
vma/2pc50.5. The band structure obtained form51.0 and
e512.25 is also drawn as dashed lines for comparison.
can see that the band frequencies are suppressed, espe
at high frequencies, and the magnitude of the PBG is
creased. Recently, we have demonstrated that the wave
pedanceAm/e plays a major role in determining the magn
tude of PBG’s while the refractive indexAme is related to
the position of PBG’s.16 Note that the refractive index o
ferrite is larger than that of air but the wave impedance of
ferrite medium is smaller than that of the air. Therefore,
the relative permeabilitym of the ferrite increases withv, so
does the contrast of refractive index between the ferrite
air, while the contrast of wave impedance between the
decreases. Thus the suppression of band frequencies an
reduction of PBG magnitude compared with the case om
51.0 are evidently due to the increased ratio of refract
index and the decreased ratio of wave impedance, res
tively, with the increase of frequency. Moreover, we can a

FIG. 1. The lowest five photonic bands for the TE mode o
triangular lattice of air rods in a ferrite medium with magnetic p
meability 1.0. The frequency is normalized to 2pc/a, wherea is
the lattice constant andc the velocity of photons in vacuum. Th
radius of the air rod is taken as 0.34a and the dielectric constant o
the ferrite medium as 12.25. The dashed lines are the photonic
structure obtained from the standard matrix diagonalization meth
The inset denotes the first Brillouin zones of a two-dimensio
triangular lattice.
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safely say that this behavior would be a general property
2D saturated ferrite photonic crytals for the TE mode.

The relative permeability of a saturated ferrite medium
always larger than 1.0 and becomes close to 1.0 asvex in-
creases in the low frequency range. Thus, the increase ofHex
makes the position of the PBG shift to higher frequency a
the width of the PBG larger, but the width of the PBG w
never be larger than that of a PBG withm51.0. In Fig. 3, the
dotted points represent the lowest five photonic bands o
ferrite triangular photonic crystal for the TE mode whe
vexa/2pc52.5 andvma/2pc50.5. The dashed lines are fo
the case ofm51.0 ande512.25. One can observe that th
position of the PBG shifts to higher frequency and the wid
of the PBG is larger than that of the PBG in Fig. 2. This w
displays the dependence of the position and the width of
PBG on Hex. In typical ferrite materials, 4pMs is 1700–
3000 G, so thatvm/2p is 4.8–8.4 GHz. For example, in
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FIG. 2. The lowest five photonic bands of a ferrite triangu
photonic crystal for the TE mode and the dependence ofm on
va/2pc when vexa/2pc51.0 andvma/2pc50.5. Other calcula-
tion parameters are the same as those in Fig. 1. The dashed line
the photonic bands whenm51.0 ande512.25.

FIG. 3. The lowest five photonic bands of a ferrite triangu
photonic crystal for the TE mode whenvexa/2pc52.5 and
vma/2pc50.5. The dashed lines are the photonic band struc
whenm51.0 ande512.25.
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magnesium ferrite~TT1-105! where 4pMs51750 G and the
dielectric constant is 12.2,13 the PBG for the geometry em
ployed is expected to lie between 3.59 and 3.78 GHz w
Hex58750 Oe.

In Fig. 4, the edge frequencies of the PBG shown in F
3 are plotted as a function ofvexa/2pc. The solid circles and
open circles denote the top and bottom frequencies of
PBG, respectively. One can see that they increase with
crease ofvex and apparently this is due to the fact that t
permeability of the ferrite decreases asHex increases. When
Hex is very large, their values will be saturated at those
m51.0. Ferrite photonic crystals can thus be tuned in suc
way that their PBG’s shift to higher frequencies and th
widths become larger asHex increases.

In conclusion, we have investigated the general proper
of saturated ferrite 2D photonic crystals under an extern
applied static magnetic field. The properties of a satura
2D ferrite photonic crystal for the TM mode are the same
those of a 2D dielectric photonic crystal with the dielect
constant of the ferrite medium. Sincem of a ferrite medium
increases asv increases and is always larger than 1.0,
contrast of the refractive index between the ferrite medi
and the air increases but that of the wave impedance
creases in the TE mode. Thus, the positions of the bands
tt
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toward lower frequencies and the widths of the PBG’s
smaller than those form51.0. We have also shown that th
position and the width of a PBG can be tuned by applying
external magnetic field to photonic crystals constructed w
ferrites.

FIG. 4. The edge frequencies of the PBG shown in Fig. 3 a
function of vexa/2pc when vma/2pc50.5. The solid circles and
open circles denote the top and bottom frequencies of the P
respectively.
s.
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