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Faraday effect of photonic crystals
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We measured Faraday rotation in three-dimensional photonic colloidal crystals impregnated with a
Faraday active, transparent liquid. The Faraday effect was found to strongly increase inside the stop
band, whereas outside it follows the normal spectral behavior of a paramagnetic dielectric with an
effective Verdet constant equal to the product of the liquid’s Verdet constant and its filling
fraction. © 2003 American Institute of Physic§DOI: 10.1063/1.1558954

In recent years, photonic crystdlsr photonic band gap the spheres with a saturated glycerol solution of dysprosium
materials(PBG)] have been the subject of intensive theoret-nitrate. This transparent liquid has a relatively high Verdet
ical and experimental studies. Their periodic dielectric strucconstant ofV=—22 rad/Tm at 573 nm and a refractive in-
ture result in Bloch-like electromagnetic waves inside thedexn=1.484 which makes our samples more sensitive to the
crystal with a stop band in their frequency spectrum for cer-applied magnetic fields. In comparison, fused silica has a
tain propagation directions and sometimes even a genuingf +3.48 rad/Tm at 632.8 nif The beads that are used in
gap with a vanishing density of states. The properties of PBGur PBG are made up of silica clusters of 10—30 nm forming
have led to much excitement about possible new opticagpheres of less than 300 nm in size. The lower refractive
devices'™ Faraday rotators, as they are used in optical isoindex of our beads)=1.415 to be compared to=1.460 for
lators, are still rather bulky devices for integrated optics.fused silica, means that these spheres are porous so that
This led to the recent exploration of alternati’e8.0ne  small amounts of liquid can penetrate. This will result in an
might expect that the Faraday effect in PBG is much strongegven lowerV, since theV of the liquid has the opposite sign
and that optical isolators based on PBG could be mucland theV of air is practically zero. The wavelength depen-
smaller than bulk devices. In this letter we present measuretence ofV is given byV= VO/()\Z_)\S), Ao=171 nm,V,
ments of the Faraday effect in a PBG. =6.6x 10° rad/Tm!’ The silica is assumed to be only

The Faraday effect is fundamental in the study of thesjightly influenced by the magnetic field. With the only off-
magneto-optical properties of matfeFhe direction of polar-
ization of light propagating parallel to a magnetic field is
rotated. The rotation angléis given by #=V BIl, whereB
is the magnetic field) the propagation distance, and the 10"}
material parameteY is called the Verdet constant. The ef- ;
fects of magnetic fields on the propagation of light in PBG
are still unresolved. The usual methods to calculate disper—"
sion relations and transmissidrt! fail when time symmetry g ,
is broken by an applied magnetic field. Even the simple case';' 10 E
of light scattering by single spheres in magnetic fields has@ '
only recently been calculatéd Related problems are optical
activity in PBG™ and the experimental investigations of the
Faraday effect in one dimensional PB®.

For our experiment we used colloidal crystals consisting
of a fcc packing of silica spheré8The crystals are 1 mm in
thickness and are several square millimeters large. Two dif-
ferent crystal batches, differing in sphere size with stop
bands around 573 and 630 nm along fli41] direction,
respectively, have been examined. Figure 1 depicts the typi-
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cal transmission spectrum. We have filled the voids betweer wavelength [nm]
FIG. 1. Transmission spectrum of our impregnated silica photonic crystal
dElectronic address: koerdt@grenoble.cnrs.fr measured with a commercial spectrometer showing a stop band around 570
YAlso at: Laboratoire National des Champs Matiges Pulss, 31432 Tou-  nm. The impregnating liquid is a glycerol solution saturated with dyspro-
louse, France. sium nitrate. Several dysprosium absorption peaks to the right and left of the
90n leave from B.l. Stepanov Institute of Physics, National Academy ofstop band can be found as well£260 nm, |=1 mm, A\g=573 nm,
Science of Belarus, 220072 Minsk, Belarus. Niquia= 1.484,An=0.070).
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FIG. 2. Experimental setup to measure Faraday effect in photonic crystals X and i
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diagonal elements in the dielectric constant occurring in the wavelength A [nm]

liquid due to the external magnetic field, we Jeg;

— 6( 5ik_ ieilel), (eikl Levi—Civita tensor, magnetic sus- FIG. 3. Transmission of laser liglitircles and Faraday rotatiofsquares

Lo . . spectra of an impregnated silica photonic cryg@260 nm, =1 mm,
ceptibility u~1) with the magneto-optic paramet@ pro-  \* ~ 575 Vigua(he) = — 22 rad/Tm, njguq—1.484, B=33.5 mT , Q

portional to the magnetic fieldQ,=A7 e, Y2VB,. Itis  ~1x1077, An=0.070]. The upper line indicates the corresponding Fara-
important to note that despite the advances made in recedgy rotation of the pure liquitcrosses are measuremergad results in the
years in fabricating PBG, defects—especially Sta_Ckmglower dotted line when corrected with the filling fraction inside the PBG.

E‘UItS_hStI'" putb cer:]am 'I|m|ts Ion the Olﬁ)tlc(i:'all qugl&?n served in the Faraday effect near the stop band when
evertheless, by choosing only a small dielectric contrasf,,qmission already falls several orders of magnitude.

between the liquid and the silica spheres, scattering is less The results of a second sampilé=270 nm(SEM:275
pronounced and measurements in transmission become feﬁm) I=1mm, A\g=630 NM, Vquq(Ag) = —12.5 rad/Tm
il H il |qu| . H

sible. _ Niquig=1.489, B=36.4 mT, Q~6x10 %, An=0.075] are
The experimental setup to measure the Faraday effect iggtteqd in Fig. 4. Both types of our PBG exhibit the same

our samples is shown in Fig. 2. A linearly polarized light .5racteristic spectral dependence.
beam enters the sample parallel to the crys{dikl] direc-
tion, which is also parallel to the magnetic field. We use an 10 g
alternating magnetic field of 70 Hz to allow for phase sensi- :
tive detection. A tunable dye laser serves as a coherent ligh
source and supplies us with sufficient power near the stog
band where the transmission is low. Care must be taken t¢ 10"
find a position on the crystal with few defects, so that there is i
a clear coherent transmission dominating the diffusely scat-__
tered background. An analyzer at 45° translates the rotatiors
angle variations in intensity variation. .10
Figure 3 shows the Faraday effect of the impregnated_g
crystal. The transmission of laser light through the crystal is 3
likewise depicted. Since the laser has a rather small aperturgw_. |
the measured stop band is narrower and deeper than in Fi¢g ~ E
1, for which we used a commercial spectrometer. The PBG ig=
characterized by its Bragg wavelength)gf=573 nm when
filled with glycerol solution. From this we can calculate the 452 |
diameter of the beads to be around 245 nm, which is fairly F
consistent with scanning electron microscoi83EM) mea-
surements showingl~260 nm. The refractive index con-
trast isAn=+0.070. A valueQ~1x 10" is produced by a 10°
magnetic field oB=33.5 mT. The value for the Verdet con-
stant outside the stop band corresponds to that of the liquic wavelength [nm]
correctgd for the volume fractiohof the liquid in the crys- _FIG. 4. Same as in Fig. 3, except fai~275nm, \g—630 nm,
tal. Inside the stop band however, the Verdet constant ing, .. g)=—12.5 rad/Tm,nq=1.489,B=36.4 mT,Q~6x10"%, An

creases drastically. Note that there is hardly any change ob-0.075.
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The Verdet constant outside the stop band takes the vaénhanced by up to a factor of five. The origin of this remains
ues of a simple effective medium associated with the twdo be identified since no existing theory explains this behav-
composites:Vgs=Vaf4+Vy(1—f,). Effective medium theo- ior.
ries exist for periodic medf&?? and for magneto-optical _
quantities?® but they fail to show such a simple relation. Itis _ | "€ authors would like to gratefully acknowledge S. V.

remarkable that in opal-based photonic crystal structures thgaPonenko, V. N. Bogomolov, and B. van Tiggelen for fruit-
same simple effective medium approximation, although iful discussions. The Grenoble High Magnetic Field Labora-

should not necessarily be applicable to such a denselfP"y is a “Laboratoire Conventionnaux Universite UJF et

packed system of scatterers, proves to be valid. It describddP de Grenoble.
in a correct manner the effective refractive index appear-  1g vapionovitch, Phys. Rev. Let8, 2059 (1987).
ing in the expression for the Bragg wavelength under  2s. John, Phys. Rev. Lets8, 2486(1987.
perpendicular incidence, as determined from optical reflec->J. D. Joannopoulos, R. D. Meade, and J. N. WiRhptonic Crystals:
tance or transmission measurements= 2¢ Ny wherec is Molding the Flow of Light(Princeton University Press, Princeton, NJ,
: off »
the d|5tan_ce betwee_(ﬂll_) planes of the lattice. Her(;we _take “Photonic Band Gap Materigjsdited by C. M. SoukouligKluwer Aca-
the effective refractive index as.g=n,f,+n,(1—f,).“" This demic, Dordrecht, The Netherlands, 1996
relationship indeed describes the Bragg wavelength ratheER- de la Rue and C. Smith, Natufbo(;‘dorb 4,?k3 653(2300_;m |
well, as is shown by experiments with silica-based op&fs ;hggjltfétrﬂiel_g\%aj(rzlbgdlwl Osgood, L. Wilkens, and H. t8ch, Appl.
and solid-state opals built of polymer beddsf not exactly K. Gallo, G. Assanto, K. R. Parameswaran, and M. M. Fejer, Appl. Phys.
the above simple approximation, then some clifee the Lett. 79, 314 (2001).
. . . A 8 H

given condition$ as shown in Refs. 28 and 29 for colloidal 92 ihlr;takud_ApplaP\?yAs. Ikeiﬂ3'h/l|9§6(lgy\?& 0-Ontics and Madnet

. . . . K. Zvezdin an . A. Kotov,Modern Magneto-Optics an agneto-
crystals of polym_er particles I_n aqueous medium. Optical Materials: Studies in Condensed Matter Physiasstitute of

The mechanism responsible for the enhanced Faradayphysics, Bristol, UK, 1997

rotation is the occurrence of multiple internal Bragg-like re-i:J. B. Pendry and A. Mac Kinnon, Phys. Rev. L&, 2772(1992.
flections inside the stop band as in a FabryrePe K ’g"- Ho, C. T. Chan, and C. M. Soukoulis, Phys. Rev. L€8, 3152
interfero_mete?.z As is well known?o the Faraday rOtatior_] is 2p, La(éoste, B. A. van Tiggelen, G. L. J. A. Rikken, and A. Sparenberg, J.
cumulative for waves propagating back and forth. It is re- opt. Soc. Am. AL5, 1636(1998.
markable that in the Faraday rotation spectra for both crys®’l. E. Psarobas, N. Stefanou, and A. Modinos, J. Opt. Soc. At6,/843
tals, we find the maximum effective Verdet constant is equahgg?ie o N, Todoroki. Y. Kitamoto. M. Abe. M. Inoue. T Fufii and K
to the one measured for the pure liquid. This might still be a3 Appl. Physs7, 6782(2000.
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- n"_ Ik, 1|§?dmg to two different valuesn.. = n(li 2 n) 25H. Miguez, A. Blanco, F. Meseguer, C. Lopez, H. M. Yates, M. E. Pemble,
+ik(1£3°). The measurement showed MCD to be v Fores, and A. Mifsud, Phys. Rev. B, 1563(1999.

smaller than the detection limits &fk/x=10"° T~ outside  ?*S. G. Romanov, T. Maka, C. M. Sotomayor Torres, M. Mueller, R. Zentel,
and x/ k=102 T~ ! in the center of the stop band taken at géé?)zs(ggg%' J. Manzanares-Marinez, and C. Jounanin, Phys. R8y. E
the characteristic points of the spectrum. _ 27S. H. Park and Y. Xia, Langmuit5, 266 (1999.
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