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Effect of the magnetic permeability on photonic band gaps
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We study a class of photonic crystals in which both the dielectric constantl the magnetic permeability
w vary within the crystal. We find that in the case where botnd . have their maximum values in the same
material, the photonic band gaps tend to disappear. However, in the opposite case wheye have their
maximum values in different materials, the gaps become wider with maximum gap over midgap frequency as
high as 0.8. We also discuss the possibility of designing such photonic crystals with ferrites.
[S0163-18207)06227-9

Recently, there has been growing interest in the develope and u. In that case, we should solve the following differ-
ment of easily fabricated photonic band gaPBG  ential equation:
materialst~?? these are periodic dielectric materials exhibit-
ing frequency regions where electromagngfid) waves w?
cannot propagate. The interest in PBG materials arises from VX[e 'VX(u 'B)]= =B (1)
their possible applications in several scientific and technical
areas such as filters, optical switches, cavities, design Gfnere the magnetic inductioB should obeyVB=0. It is
more efficient lasers, efc? Most of the research effort has interesting to point out that Eq1) is equivalent to
been concentrated in the development of two-dimensional
(2D) and three-dimensiondBD) PBG materials consisting w2
of positive and frequency independent dielectri¢$ be- VX[ VX(e D)]=—= D, (2
cause, in that case, one 2c:oan neglect the possible problems ¢
related to the absorptio:?® There are some more recent where the displacement should obeyw D=0. This implies

works on PBG materials constructed from métafs that that by exchanging the values efand  the results should

suggest that those metallic structures may be advantageous .
in ?c?w-frequency regions where the meta?/s become alglosrtemam th_e same.
Following previous work by Het a

perfect reflectors. o N d)lane Waves,
For several proposed applications, such as efficient broad-

1,>* we expandB in

band antennas, we need PBG with wide stop bands. One 2

possibility is to use photonic crystals with overlapping stop B=2 2 he .8 el(k+G)r A3)
bands?® In this process several different PBG materials are 5 & S '

stacked together, but the performance may be inferior to a

single PBG crystal. wherek is a wave vector in the Brillouin zone of the lattice,

Here, we theoretically study photonic crystals with wide G is a reciprocal lattice vector, argh,e, are unit vectors
PBG constructed from ferrites where both the dielectric conperpendicular td + G because of the transverse naturddof
stant e and the magnetic permeabilify change along the Substituting into Eq(1) we obtain the following matrix
photonic crystal. As a first step, we ignore any anisotropy inequations:
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FIG. 1. The band structure of EM waves propagating in a dia-
mond lattice consisting of spheres with filling ratie=-0.34. The
ratio of the velocity of light isr,=1/4 in all the cases. The ratio of
the magnetic permeability is @), 1 (b), and 0.25(c).

FIG. 2. The band structure of EM waves propagating in a fcc
lattice consisting of spheres with filling ratfo= 0.86. The ratio of
the velocity of light isr,=4 in all the cases. The ratio of the
magnetic permeability is 0.2&), 1 (b), and 4(c).

E Mé’é,he/,w :(wzlcz)hm ' (4) comes wider and a ;econd gap appears betwegn the eight and
G’ A ’ ninth bands.Aw/wg is 0.62 and 0.11 for the first and the
second gap, respectively.
where We find that the gaps become wider wheand x have
their maximum values in different materials. This argument
is further supported from the results shown in Fig. 2. In this
MQG => E;G”M&}_G,(k+ G)[(k+G"@, ]-&, (5 figure, we show the band structure of EM waves propagating
G" in a fcc lattice consisting of overlapping spheres with filling
ratio f=0.86. In all the cases, the ratio of the velocities of
and eg_gr, mgr—g are the Fourier transforms efr) and  light, r,=c;/co=4. For r,=1/16 andr, =1, it is well
w(r). Results reported in this paper were obtained with maknowrt* that there is no gap between the second and the
trix sizes of the order of 400. Such matrix sizes could creatghird bands because these bands are degenerate &V the
errors of up to 10%, especially in cases where the ratias of point[see Fig. 2)]. However, there is a higher, smaller gap
or u are big. However, we calculated some of the high errobetween the eight and ninth bands W'Ahu/wg=0.015.24
cases using even higher matrix sidzes high as 1600and  For r.=1/4 andr,=1/4, there is no gap while for,
we found the same conclusions. =1/64 andr ,=4, there are three gaps in the frequency range
Figure 1 shows the band structure of a diamond latticedhat we examine. The first gap is between the fifth and sixth
consisting of spheres with filling ratio 0.34touching bands, the second appears between the eighth and ninth
spheres In all the cases, the ratio of the velocities of light, bands, and the third appears between the tenth and eleventh
r,=c¢;/c, is 1/4(c; andc, are the velocities inside and out- bands, withA w/wy=0.28,0.12,0.04, respectively.
side of the spheres, respectivelifor ratio of dielectric con- Figure 3 shows the gap over the midgap frequency
stants,r .= €;/e,=16 andu=1 everywhere, there is a full Aw/wq of the first gap as a function of the dielectric constant
band gap between the second and the third bands with gagtio r. for EM wave propagating in a diamond lattice con-
over midgap frequencyd w/ wy=0.18. Forr,=4 and ratio  sisting of spheres with filling rati6=0.34. Results for three
of the magnetic permeabilities,, = u;/u,=4, the gap dis- different ratios of the magnetic permeabiliy,=0.25,1,4
appears. However, far,=64 andr ,=1/4, the first gap be- are shown. In all the cases, there is a critical valug of
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FIG. 3. The gap over the midgap frequency as a function of the FIG. 4. The gap over the midgap frequency as a function of
ratio of the dielectric constants,=¢,/¢,, for EM waves propa- 1/ .=¢,/€;, for EM waves propagating in a diamond lattice con-
gating in a diamond lattice consisting of spheres with filling ratio sisting of spheres with filling ratid=0.81. Solid, dotted, and
f=0.34. Solid, dotted, and dashed curves correspond to ratios afashed curves correspond to ratios of the magnetic permeability,
the magnetic permeability,, = u; / u,=1,4,0.25. r,=milpw,=1,4,0.25

where the gap opens up while at high values gf Aw/wy  increase in the logsbove 20 and 100 MHz, respectively, for
saturates to a constant value. The critical value,dé 12.5,  these ferriteg®
4.5, 1.8 and the saturated value/dd/wg is 0.04, 0.23, and ~ Ferrites may be used in novel photonic crystals with an-
0.62 forr ,=4,1,0.25, respectively. other high dielectric material at such frequencies. The per-
A similar plot is shown in Fig. 4 for EM waves propagat- meability of ferrites is strongly dependent on the applied
ing in a diamond lattice consisting of overlapping spheregnagnetic field and with temperature. This makes possible the
with f=0.81. In this case, the critical value of is 0.14, hovel tuning of the photonic band gaps with applied mag-
0.22, 0.4 while the saturated value Afw/wg is 0.2, 0.45, netic fields and temperature, a particularly attractive feature
0.75 forr ,=0.25,1,4, respectively. for sensor applications. _
Ferrites have a permeability tensor whose elements can be USing the plane-wave expansion method, we calculated
easily controlled through a dc magnetic bias fi@dsuch the bar_ld structure of electromagnetic waves propagatmg in
materials have been used as substrates in frequency-selectRa0tONIC crystals. They are constructed from two different

surfaces(FSS. The resonant frequency of the FSS may bematerials. We allow both the dielectric constanand the
varied by changing the applied magnetic fiéldvery large magnetic permeability 1o be va_ried along the photonif:
values of the permeability. can be achieved in ferrites at crystal. We found that the photonic band gaps become wider

microwave frequencies generally below 100 MHz with low vyhene andu have their maximum values in different mate-
; . . rials.
loss. However, at higher frequencies the permeability drops

and the loss increases. The frequency below which the ma- \Wwe acknowledge useful discussions with W. Leung, J.
terial has high permeability and low loss is approximatelyRose, and J. Moulder. This work was made possible in part
inversely proportional to the low-frequency permeabffity by the Scalable Computing Laboratory, which is funded by
for several soft ferrite materials. For example, & and  lowa State University and Ames Laboratory. Ames Labora-
K12 classes of nickel-zinc ferrite have low-frequency permetory is operated by the U.S. Department of Energy by lowa
abilities of 80 and 20 bui decreasesaccompanied by an State University under Contract No. W-7405-Eng-82.

1see J. Opt. Soc. Am. B0, 208(1993, special issue on develop- 4C. T. Chan, K. M. Ho, and C. M. Soukoulis, Europhys. Lé#,
ment and applications of materials exhibiting photonic band 563 (1991

gaps. SE. Yablonovitch, T. J. Gmitter, and K. M. Leung, Phys. Rev. Lett.
2SeePhotonic Band Gaps and LocalizatioRroceedings of the . 67, 2295(199)).

NATO ARW, edited by C. M. SoukouligPlenum, New York, 8H. S. Sozuer, J. W. Haus, and R. Inguva, Phys. Re458.3 962

1993. (1992; J. Opt. Soc. Am. BLO, 296 (1993.

3K. M. Ho, C. T. Chan, and C. M. Soukoulis, Phys. Rev. L&8, 7P. R. Villeneuve and M. Piche, Phys. Rev4B 4969(1992; 46,
3152(1990. 4973(1992.



962 BRIEF REPORTS 56
8R. D. Meade, K. D. Brommer, A. M. Rappe, and J. D. Joannopo- Soukoulis, C. T. Chan, and K. M. Ho, Phys. Rev.5B, 1945
ulos, Appl. Phys. Lett61, 495(1992. (1994.
9M. Plihal, A. Shambrook, A. A. Maradudin, and P. Sheng, Opt. *8E. Ozbay, E. Michel, G. Tuttle, M. Sigalas, R. Biswas, and K. M.
Commun.80, 199(199)); M. Plihal and A. A. Maradudin, Phys. Ho, Appl. Phys. Lett64, 2059(1994).
Rev. B44, 8565(199)) 19g, Ozbay, E. Michel, G. Tuttle, R. Biswas, and K. M. Ho, J.
10 yablonovitch, T. J. Gmitter, R. D. Meade, A. M. Rappe, K. D. Bostak, and D. M. Bloom, Opt. Letfl9, 1155(1994.
. Brommer, and J. D. Joannopoulos, Phys. Rev. l6:tt.3380  2°M. M. Sigalas, C. M. Soukoulis, C. T. Chan, and K. M. Ho, Phys.

(1999). Rev. B49, 11 080(1994.
11R. D. Meade, K. D. Brommer, A. M. Rappe, and J. D. Joannopo-?!A. R. McGurn and A. A. Maradudin, Phys. Rev. 48, 17 576
ulos, Phys. Rev. Bl4, 13 772(1991. (1993.
125, L. MccCall, P. M. Platzman, R. Dalichaouch, D. Smith, and S.??D. R. Smith, S. Shultz, N. Kroll, M. Sigalas, K. M. Ho, and C. M.
Schultz, Phys. Rev. Let67, 2017(1991). Soukoulis, Appl. Phys. Let65, 645 (1994).
Bw. Robertson, G. Arjavalingan, R. D. Meade, K. D. Brommer, A. 2°K. Agi, E. R. Brown, O. B. McMahon, C. Dill lll, and K. J.
M. Rappe, and J. D. Joannopoulos, Phys. Rev. 168t.2023 Malloy, Electron. Lett.30, 2166 (1994).
(1992. 24R. Biswas, C. T. Chan, M. M. Sigalas, C. M. Soukoulis and K. M.
143, B. Pendry and A. MacKinnon, Phys. Rev. Le®9, 2772 Ho, in Photonic Band Gap MateriaJsvol. 315 of NATO Ad-
(1992; J. B. Pendry, J. Mod. Op#1, 209 (1994). vanced Study Institute Series E: Applied Scierigéswer, Dor-
M. M. Sigalas, C. M. Soukoulis, E. N. Economou, C. T. Chan, drecht, 1995
and K. M. Ho, Phys. Rev. B8, 14 121(1993. 25G. Y. Li, Y. C. Chan, T. S. Mok, and J. C. Vardaxoglou, Int. J.
18K, M. Ho, C. T. Chan, C. M. Soukoulis, R. Biswas, and M.  Electron.78, 1159(1995.
Sigalas, Solid State Commu@9, 413 (1994. 26E. C. Snelling Soft Ferrites, Properties and Applicatio(Butter-

17E. Ozbay, A. Abeyta, G. Tuttle, M. Tringides, R. Biswas, C. M. worths, London, 1988



