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Large Magnetooptical Kerr Rotation with High
Reflectivity from Photonic Bandgap Structures with
Defects

M. J. Steel, M. Levy, and R. M. Osgood,,Jellow, IEEE

Abstract—We perform a theoretical study of enhancement of incident light is strongly reflected. The addition of defects
magnetooptical rotation on reflection of light from a periodic  to periodic structures leads to the creation of transmission
system with a defect. Using calculations based on a coupled agonances associated with trapped states—a familiar example
mode approach and the transfer matrix method we demonstrate . . . . .
that an asymmetric placing of a single defect allows arbitrary 'S distributed feedback lasers constructed from a dielectric stack
Kerr rotations with better than 99% reflectivity from very short ~ With a centratr phase shift. The essential finding of this work
devices. [2]-[4] is that these systems can produce both Faraday and

Index Terms—Defect, Faraday rotation, Kerr rotation, magne- Kerr rotations far larger than possible for comparable_uniform_
tooptical rotation, periodic structure, photonic crystal, transmis- Systems. The enhancement operates in the following basic
sion resonance. fashion [5]. The structure is illuminated with linearly polarized
light at or close to the frequency of an in-bandgap resonance
associated with the defect(s). The light is trapped inside, local-
ized in the vicinity of the defects, with a consequent increase in
the mean optical path length of the emitted light. As the mean
path length grows, there is also an increase in the optical path

AGNETOOPTICAL rotation is most commonly associ-differencebetween the two equally excited circularly polarized

ated with Faraday rotation—the rotation of plane polarmodes as the magnetic circular birefringence acts over a longer
ized light ontransmissiorthrough a magnetic medium due topath. The emitted light thus suffers a larger rotation.
magnetic circular birefringence. However, the analogous rota-In this way, propagation lengths for a given rotation may be
tion obtained by reflection from a magnetic medium, known asduced greatly—Faraday rotations of 4% more are predicted
the Kerr effect, is also important. Well-known applications infor lengths of a few tens of micrometers, and experiments have
clude the characterization of thin films, and information read oaonfirmed the effect with observation of both Faraday and Kerr
from magnetooptical disks. A variety of dielectric materials extotations in excess of ®0at visible wavelengths, from stacks
hibit magnetooptical rotation. In integrated optics, a notable exf only ~10 zm in length [3]. However, the structures initially
ample is bismuth-substituted yttrium iron garnet (Bi-YIG) dustudied, which have a single central defect, are far from optimal
to its comparatively strong rotation, low loss, and its suitabilithecause the observed rotation decreases with the intensity of the
for heterogeneous integration by single-crystal liftoff and direoutput light. In other words, the transmissivity is small when the
bonding [1] or sputtering. Due to the small interaction lengttfsaraday rotation is large, and the reflectivity is small when the
on reflection, Kerr rotations are normally small compared tiéerr rotation is large. Indeed, the largest Kerr rotations in the
Faraday rotations, and while Bi-YIG has a higher rotation péxperiments were achieved with reflectivities less than 1%.
loss than most materials, Kerr rotations of only fractions of a In an earler paper [5], we introduced a coupled-mode
degree are typical. For a number of applications, it would th@escription to study enhancement in the Faraday (transmis-
be useful to extract larger Kerr rotations. sion) case. It was shown that the tradeoff associated with a

Recently, there have been several studies of the enhancenséigle central defect was unavoidable, but that using two de-
of magnetooptical rotation in periodic systems with defecfects placed appropriately, the structure contained sufficient
[2]-[6] (and also in random structures [7]). Periodic systentiegrees of freedom to obtain both high output and high
such as thin-film stacks, fiber Bragg gratings [8], and photoniotations. Such improved performance with multiple defects
crystals [9], are, of course, characterized by the existen¢@s initially predicted for a certain limited class of designs
of photonic bandgaps (PBGs)—frequency bands in whidh [4]. However, the improvements were unexplained and did

not allow high transmission for all angles. Our own work
[5] explained the improved transmission and considered a

Manuscript received January 13, 2000. This work was supported in pgffoader class of structures so that high transmission was
by DARPA/AFOSR under Contract F49620-99-1-0038, and in part by an . .
NIST Advanced Technology Program under NIST Cooperative Agreeme‘ﬂpssmlle for a very Iargg range_ of rotations. )
70NANB8H4018. In this paper, we continue this study by turning to the op-
The authors are with the Department of Applied Physics and Columbia Ragimization of Kerr rotation. We again overcome the tradeoff
ation Laboratory, School of Engineering and Applied Sciences, Columbia Uni- . . . .
versity, New York, NY 10027 (e-mail: mikes@cumsl.ctr.columbia.edu). between rotation and reflect|y|ty b.y 'ntrOducmg an extra 0_'8'
Publisher Item Identifier S 0733-8724(00)08073-7. gree of freedom to the design; in this case, by exploring

. INTRODUCTION

0733-8724/00$10.00 © 2000 IEEE



1290 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 9, SEPTEMBER 2000

A,(0), An(0 U IR Y
40" [ | Adle)). An(zy)

N M| N Ml N MM N N v | 1€
Re——m !
B,(0), Bn(0) |

[D+(0)] T

. (L) (x, L2)
A,(0), Anl0)

[Ci:(o)] Ae(zl)y Am(’-/)

CiZ
R a [.(I)]

B.(0), Bx(0)
[D+(0}]

Fig. 1. Connection between thin-film stack and coupled-mode formalism. The upper panel shows a quarter-waVve stgickl/ V)* of materials with
refractive indexes\/ and N and the lower panel, a schematic representation of the corresponding coupled-mode picture. The incoming and outgoing fields
are also indicated for both line@#., A... B., B..) and the corresponding circular polarizatiqds., D).

asymmetric structures. It is particularly easy to optimize suc¢he dielectric tensors for the individual layers are replaced by an
designs because different parts of the structure are largalyproximate Fourier expansion in each periodic section
separately responsible for the two aims of high reflection and

high rotation. [ea +e49(2)], i[eo +e0g(2)], O
The paper is structured as follows. In Section Il, we reviewthe ¢ = | —i[e, + ¢/ g(2)], [ca+¢j9(2)], O [. (1)
essential points of the model presented in [5]. In Section I, we 0 0 .

briefly explain the tradeoff observed for symmetric structures.
Section IV shows that asymmetric structures escape this tradae#fre g(») = cos [(272/A) + §], A is the stack period, and

and we examine the performance of a number of designs usizgies from one section to the next to account for the phase shift.
both the coupled-mode theory and the transfer-matrix metha date, work on magnetooptical rotation in such structures
We show that our designs permit rotation over the entire rangas concentrated on one-dimensional (1-D) thin-film stacks, but
0°-90° with essentially 100% reflection. consideration of corrugated waveguides [5] or 1-D photonic
crystal devices would also be possible. For a corrugated wave-
guide, (1) is interpreted as a description oféffectivedielectric
tensor of the device. Note that we do not include dispersion be-
tween the transverse electric [TE](and transverse magnetic
[TM] (%) modes, as significant dispersion inhibits the magne-
tooptical rotation through phase mismatch [5] and would de-
stroy the effects we wish to discuss. In a waveguide geometry,
In this section, we summarize the main points of our cothe structure'wc.)uld have to be designed to minimize dispersion.
h The electric field at wavelength = 27c/w is written

Il. SUMMARY OF MATHEMATICAL MODEL

A. Coupled-Mode Description

pled-mode description, which was developed in [5] and to whic

the reader is referred for details. Fig. 1 shows the basic ge- )

ometry. Incoming linearly polarized lightl) is incident on a E = {[Ac(2)ve + Am(2)vm] exp(inz/A)

quarter-wave stack (upper half of Fig. 1) or general periodic + [Be(2)ve + By (2)vm] exp(—imz/A)}

system (lower half) that contains one or more isolated defects - exp(—iwt) + c.c. (2)

separating strictly periodic regions. The defects consist of a

missing layer orr phase slip in the periodicity. The object iswherew. ,,(z, y) are the normalized mode functions for TE

to calculate the reflection and transmission coefficigitand (e) and TM(m) modes, which for a stack geometry reduce to

T and the degree of rotation and ellipticity of the emitted lighplane waves witte andy polarization. Equations (1) and (2)

We denote the front of the stack hy = 25 and the rear by are substituted into the Maxwell wave equation and nonphase-

z = zy. matched terms discarded to obtain the coupled-mode equations.
We assume an external magnetic field is applied in the londgis shown in [5], the problem is best expressed in terms of the

tudinal(z) direction to saturate the magnetic material. In a magircular polarization modes

netic layer, the dielectric tensor then has nonvanishing off-diag- .

onal elements,., = —e,. = ic,, while in nonmagnetic layers, Ci =(A Fidn)/V2 (3a)

it is assumed isotropic. To obtain a coupled-mode description, Dy =(B.F z‘Bm)/\/?. (3b)
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With the assumption of degeneracy between the TE and TM Ay K L
modes, the coupled-mode system separates into pairs of equa- A I\/VW\/\N\M :
tions for the mode pair&C';, D) and(C_, D_), which each -2 '
satisfy the well-known equations for a periodic structure

’ LN T
i|:0:|::|:U:I:|:C:I::|:i|: o Ii:l:eié:| [Ci}' 4%/\/\/“/\/\/

dz | Dy Dy —Ki€ —q+ | | D+

.. . ) Fig. 2. Schematic of structures considered: A-Single symmetric defect.
The quantitieg+ = ¢ =+ g, Whereq = (w — wo)7/c represent B_single asymmetric defect. The dashed lines in each structure are used only

detunings from the resonant Bragg frequengyand contain a to highlight the phase shifts. Our interest is in optimizing the reflecfiofor
contribution from the mean indexand mean magnetic strength>"ucture B-
g = WGO/(W)\). Note thatwg = 27TC/)\0, with Ay = 2mA.

v X 4 - B 1. —2Im(xFr k)
Similarly, the grating coupling strengths. = s £+ oy de- NF, k = tan 5 sin T 2 (20)
pend on both the periodicity in the index profile through= +Ixr il
(n2 — n1)/(mA) and the periodic part of the magnetic terMyherey p = Ap(2)/Ac(zp) andx g = By (0)/B.(0). For

a1 = we, /(nA). Note that the signs af, anda; depend onthe e special case that,| = |r_|, it is easy to show that the
direction of the applied magnetic field. ellipticity vanishes(n; = 0) and that
In solving (4), we use (3) to apply the boundary conditions
A.(0) =1andA,,(0) = B.(zy) = B,,(zs) = 0, representing O = —(py —1p_)/2. (12)
a single TE ¢ polarized) input of unit amplitude at the front of
the structure (see Fig. 1). This is an important relation. Similarly, jt,| = |t_|, we have
nr = 0 and

B. One-Defect Systems
Or = (¢4 — $-)/2. (12)

In this paper, we concentrate on structures with a single
phase shift separating two periodic gratings (more complex
structures were treated in [5]). We denote such a structute Summary of Effects
as (r1, L) (r2, Ly) indicating the coupling strength:; Equation (4) indicates that in a uniform structure (no de-
and lengthL; of each section. To precisely describe a COfects), each pair of circularly polarized mode&,( D, ) and
responding thin-film stack we write expressions of the forrng_’ D_) exhibits a PBG, centered at the poigts = 0, re-
(MN1)'(N2M)™, where M denotes a magnetic layer andspectively, due to the periodicity. Light of frequencies inside
Nj a nonmagnetic layer. [These stack structures are solvediQ¥ pandgap is strongly reflected by the structure with a peak
the transfer matrix method [2], [4], [10], with all layers beingefjectivity tanh?(r4 L). The magnetic circular birefringence
quarter-wave plates of thickness= Ao /(4n;).] The relation egiting from the average magnetooptical strength induces a
between the_z two pictures is |_nd|cat_ed schematically in _Flg. 1-s_mall splittingg;. — g_ = 2ay in the location of the bandgaps.

The solution for a stack with a single defect separating pefiye to the periodic magnetic term , the reflectivities for op-

odic sections of lengtii,; andZ; is simply posite polarizations are also slightly different, though as we ex-
o . N c plain later, this effect can be neglected in the present case. Once

+ = eUiLeUiLy | & (5) the problem is solved for the individual circular components,

Dy Dy| _. . : - i
z=zy z=z0 the total response expressed in terms of linear polarizations is

easily found by summing the components using (3).
Equation (5) describes the response when a phase shift or de-
fect is introduced into the system (see Figs. 1 and 2). The prin-

where the phasgdiffers by in the matriced)< andUZ. From
the reflection(r+) and transmissioifty.) coefficients for the

individual circular polarizations cipal effect of adding one or more phase shifts is the introduc-
y D4 (0) tion of narrow transmission resonances near the center of the
ry =|re|e’E = (6) bandgaps. In general, the width of the bandgaps > aq, a1,
C(0) and the magneti i
gnetic effects are regarded as a perturbation to the
ty =|tele’®= = Culzr) (7) 9grating. However, the bandwidth of thiefect resonancesan
C+(0) be comparable teyy and, as we see below, the two effects can
combined with (3), we can find the main parameters of interedgferact strongly to produce enhancement.
the total transmission and reflection coefficients D. Physical Units
T = A2 + | Am(2p))? R = |B.(0)]? + | B (0)? Our calculations are performed for thin-film stacks con-

8) structed of either bismuth-substituted YIG (Bi-YIG) and GGG,
and the Faraday and Kerr rotatiofis, 8, and corresponding ©F Bi-YIG and SiQ;, for higher contrast devices We also show
ellipticities ny andny, defined as results for corrugated Bi-YIG waveguides on a GGG substrate.

The diagonal elements of the dielectric tensors of these ma-
_1 2Re(xF, k) terials arecXI¢ = 4.75, £9¢ = 3.71, and 5192 = 2.25,

1
br & = 2 tan 1—|xr x)? ©) The off-diagonal element for Bi-YIG is;, = 0.00269 which
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corresponds to a Faraday rotationdgf = 0.48 pm~!. We qualityQ or energy storage of the transmission resonances, and,
assume a resonant frequencygf= 1.55um. therefore, the linewidth of the resonances must decrease. From
We frequently use dimensionless units in which all paranthe upper panel of Fig. 3(b), we see that this would reduce the
eters are scaled by the intrinsic rotation per unit length of thinsmission of each of the circular modeg at 0 and so the
magnetic materialy, = e, /(o). For YIG/GGG stacks, total transmission is reduced. On the other hand, the phase pro-
~o = 0.00266,m~* and the main parameters take the valudies ¢+ must also follow the decrease in linewidth, and hence

ap = 0.47, a; = 0.626, andx = 123 [6]. they grow more step-like with increasing length. The phase dif-
ference aty = 0 and thus the Faraday rotation, therefore, in-
lll. SYMMETRIC STRUCTURES crease, tending towart) = 90°, as the bandwidth and trans-

To date, most attention has focused on enhancement gf > 0" tend to zero. An exactly analogous argument can be

X N . ade for rotation of the reflected light. Thus the behavior is in

magnetooptical rotation in highly symmetric structures [2]—[ .
: . ccord with (13).

(though Inoueet al. have also examined random multilayers.

The simplest example is a strictly alternating stack of magneticWith the assumption of a symmetric structure, there are no
y available degrees of freedom other than the grating strength

and nonmagnetic layers with a single layer removed in the -
exact center (see Structure A in Fig. 2). An alternative bﬁ‘{]d we conclude that the tradeoff is inescapable.

similar scheme is to place a single magnetic layer at the center
of a nonmagnetic stack in the for(dVy N»)™ (M )(NaN1)™. IV. ASYMMETRIC STRUCTURES
This latter type was used in experiments [3]. Both transfer-ma-In [4], it was shown that for Faraday rotation, certain
trix models and experiments showed that when tuned to thgack designs containing two defects could achieve higher
transmission resonances of these structures, transmitted madsmission while still maintaining enhanced rotations. We
reflected light exhibited highly enhanced rotations. As mesubsequently performed a systematic study of two defect
tioned earlier, however, the enhancement is associated withyatems [5], [6], explaining how the defects should be placed
substantial decrease in the output intensity, with an increasingorder to attain high transmissior:99°) for essentially any
penalty in intensity as the rotation increases. In [5], we useksired rotation. The improvement results from the additional
the coupled mode theory to explain this trade-off and showeégree of freedom introduced by the second defect, which
that it is unavoidable for the single-defect symmetric systemermits an accidental degeneracy between two resonance peaks
Indeed the rotation and output were shown to be connecteddfyopposite parity.
the simple relations Here, we aim to optimize Kerr rotation and again seek to in-
T = cos® O R = cos? Og (13) troduce an extra degree of freedom in order to overcome the

. o . . tradeoff occurring in the symmetric single-defect structures. In
so that large rotations45" imply low output intensities. this case, our answer is not to introduce a second defect, but

The reason for this tradeoff may be understood physically \se an asymmetric placement of the single defect. Consider
from Fig. 3(a) and (b). The mathematical description is avalle effect of moving the central defect in Structure A (Fig. 2)
able in [5]. Our discussion is framed for operation in transmigg,yarq the front of the stack (Structure B). We also allow the
sion, but the reflection problem is exactly ar12alogous. Fig. 3(Aar coupling strength to be larger so that we have the structure
shows the transmission coefficierifs = |t |* for Structure (k1, L1) : (k2, L2) With 5 > r1. It is to be expected that
A with YIG/GGG parameters for a length = 9.5 um. The he requction in symmetry affects the transmission resonance.

transmission resonances at the center of the bandgap are Clelﬁﬂléed, (5) is easily solved to give the peak transmission
apparent, though the splitting is hardly visible on this scale. The 1

upper panel of Fig. 3(b) shows a blowup of the resonances indi- 7, = |t (¢ = 0)|> = 5
cating the splitting of the two modes, and also includes the asso- cosh® (k2 Ly — K1L1)
ciated phase profileg,. (dotted lines). The lower panel showsso that the structure is essentially opaque, onde; — rkoLo =
the same situation but expressed in terms of linear polarizatioBs4. Compared to the front grating, the rear grating may then
First we study the circular modes in the upper panel of Fige regarded as an essentially perfect reflector, and the reflec-
3(b). In order to achieve a zero ellipticity, we requjte| = tion spectrum is featureless and close to unity throughout the
|t_|, which occurs ay = 0. The phase profileg. have the bandgap. However, as we see below, whereas the transmission
form of smoothed step functions and naturally exhibit the samaé the former resonance vanishes, a signature of the defect re-
magnetic splitting as the intensity profiles. As a result, theraains in the form of a rapid variation in the phase profiles of
is a considerable phase differengg — ¢_ (denoted by the the reflected light),. = arg(r41). These profiles induce a large
vertical arrow), which via (12) corresponds to a Faraday rghase difference and rotation, just as was found for the trans-
tation. This is apparent in the corresponding linear polarizezission phaseg.. in the symmetric case of Fig. 3. However, as
tion panel below. Ay = 0, a significant fraction of the trans- the rear grating strength significantly exceeds that of the first,
mitted energy is TM polarized. In fact, the Faraday rotatiotie light must be highly reflected and we succeed in breaking
fr =~ 41°. However, it is also apparent that the total transmishe rotation-intensity tradeoff in Kerr mode.
sionT(g = 0) = |Ac(25)|? + |Am(2f)|? is only =~ 0.55, con- In evaluating the properties of such asymmetric structures, we
sistent with the transmission of the circular modeg &t 0. consider two types of systems that differ in the distribution of
Now consider the behavior as the strengfhof each grating magnetic layers. Type | systems have the same materials on both
is increased. Increasing the grating strength also increasesdiues of the defect, i.e., stacks of the fofvid/ )7 (M N)*, with

(14)
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Fig. 3. Response of a symmetric grating with a centrphase shifts = 123, ay = 0.47, oy = 0.626, L = 0.0252. (a) Transmissiof¢_ |? (solid) and|t_ |?

(dashed). (b) Upper panel: blowup of (a) including phase profile¢fine dotted) and_ (coarse dotted). Lower panel: Transmission of linearly polarized modes
|Ac|? (solid),|A4..|* (dashed), ellipticityp (dotted).

j < k andk; = k2. Type Il systems have no magnetic layersvhere since the reflectivity is very close to unity, variations in
in the rear section(N; M)’ (N, Ny )*. This permits the use of the exact coupling strength have a negligible effect. In contrast,
higherindex contrastin the rear section (isg.,< 2), reducing this effect is somewhat important in transmission problems [5].
the total length of the device while achieving essentially th&/ith our assumption that the rear grating is very strong, we can
same effects. The same separation into Types | and Il canrbake the approximation that no light is transmitted. In solving

made for corrugated waveguides. the coupled-mode equations (5) we impose this condition by
allowing only decaying solutions in the rear grating; the coef-
A. Type | Structures ficients of any growing solutions are set to zero. With this ap-

proximation, we obtain an analytic solution for the reflection
We first consider the Type | system in whieh = x> = x. coefficient of a single component inside the bandgap
For the remainder of the paper we neglect the influence of the
periodic magnetic factor; on the coupling strengthsy and ] to — qy sinh(o L) — i0/(2qs) exp(—oLq)
takerx+ = k. This is an especially good approximation here, = x  sinh(oL;) +i0/(2q+) exp(—oLy)

(15)
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Fig. 4. Enhancement of rotation in reflection for a Type | structure with=

123, g = 047, and/lengthLl = 0.023 chosen to obtair-90° rotation at  Fig. 5. Rotation as a function gf . for lengthsL; = 1.83m (solid), 2.52
q=0.Line stylesare), (fine dotted)> (coarse dotted), antke = 7 —6x  ;;m (dotted), 3.22:m (dashed), and 3.94m (dot-dashed). Other parameters are
(dot-dashed). as for Fig. 4.

wheres = /k2 — ¢%.. As the rear grating is a perfect reflector,
r+ has no dependence dn. Fig. 4 shows the typical form of
the reflection coefficients, in an analogous fashion to the trans
mission results studied in Fig. 3. Inside the bandgap|, ~ 1

to an excellent approximation, so we do not plot the ampli-
tudes. The phase functions. obtained from (15) are shown
as the dotted lines in Fig. 4 (fine dotted foy., coarse dotted
for+_). They have a step-like profile centered around the point:
g+ = 0 with the usual magnetic splitting @tvy. This is the re-
maining signature of the defect, which still persists though the
transmission resonance has vanished. Now by (15), we see tr
near the center of the gapy{| <« &), both circular compo-
nents are equally reflected with, | = |r_|. Thus the reflected

Av/IGHz
Bop/(g-,081)

light is linearly polarized with zero ellipticity and a rotatié o Frrrr 1+ 0
given by (11). Across the resonance shown in Fig. 4, the rota 4 6 8 o 12 14 16
tion varies smoothly from zero to a maximum valuesof-90° Lum -
atg/ap = 0.

The rotation angle is shown as a funcuon;: Or a variety Fig. 6. Rotatiordx = 180° — # as a function of the first grating lengih,

of lengths in Fig. 5, For shorter lengttis (solid line), mod- (solid line) and * bandwidths according to numerical measurement (dotted)
erate rotations of 26-30° occur over a Iarge bandwidth. Forand analytic estimate (dot-dashed) for a Type | structure. The dashed and

larger lengths (dashed and dot-dashed lines), the central a#%lple—dot—dashed lines show the rotation and bandwidth for a corresponding
9 9 . . 72 _p ype Il structure. Parameters are= 123 anda, = 0.47, a; = 0.626.

the spectrum tends toward experiencing a simpfghase shift

(rotation of 180), and large rotations o£90° are only found _ o _

for ¢ a =ay. For such a configuration, the phase profiles in Figaround the pointg.. = 0in Fig. 4 so that the phase difference at

4 are no longer smoothly rising but have become discrete steg 0 increases. Eventually, however, the increase in phase for

profiles. each component becomes a discrete step function at the points
Concentrating just on the rotation @t= 0, and assuming ¢+ = 0. Once this happens, the phase differetige— /_ at
K > ag in (15), we use (11) to obtain the rotation g = 0 is fixed at a maximum ofx and the reflected light ex-

periences a simple phase shift of 28@ther than a rotation.
O (q=0) = _20 L 9tant <'f€XP_(—“L1)> . (16) Therefore, the rotation shown in Fig. 6 levels off at 180
K 2apsinh Ly Note, finally, from Fig. 5 also that there is always a stationary
point in the rotation af = 0, and hence the largest bandwidth

InFig. 6 we plotfc = = — i for astructure with; = 123and iy aine by choosing; such that the desired rotation occurs

ap =047, ay = 0.626. (Plotting ¢ ratherthgm)K removesan o, — 0. In fact, using a Taylor expansion arougd= 0 in
unimportant globak phase delay.) The rotation given by (16) 16), we can find an estimate of the bandwidtly over which
indistinguishable from the exact numerical result shown. Co o r’otation varies by less than a desired liffil;

sistent with the curves in Fig. 5, the rotation increases mono-

tonically with the strength of the front gratingl,. This is as- S — 805 K% + a2 exp(drLy)
sociated with the phase functiofts. becoming more step-like 4= ok )

17
exp 3rlq (17)
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This bandwidttAr = ¢/(277) dq is shown in Fig. 6 fob8y =
1° as the dot-dashed line. The dotted line indicates the numeri
calculation of the bandwidth.

i k=15 x=15 : %

B. Type Il Structures

Equation (16) applies to a periodic structure with the san
properties on either side of the defect (Type ). It is also fruitft
to consider a second class of structures (Type II), forwhichad
ferent grating structure is used behind the phase shift. This ¢
have a number of advantages. One can choose arear grating:
higher index contrast, allowing a shorter total system. For €
ample, for the Type | structure considered in Fig. 6, we obtain
90 rotation with a first grating length of onlf; = 9 zm. How-
ever, the total structure would have a length of ordef80in .
order to satisfy the condition that the rear grating be strong LU UL UL
than the first. A stronger rear grating could reduce this leng 60 80 100 120 140
by a factor 2. Moreover, if the magnetic material is located on Upm
at the front, any applied magnetic field used for switching tt

rotation can be localized to a smaller region. For Type Il struc- _ , , _
Fig. 7. Rotation as a function of length. Line styles are solidi( = 123,

tures, the relation correspondlng to (16) becomes Type 1), dashed£ = 123, Type 1), fine dotted ¥ = 15, Type Il), coarse
dotted ¢ = 15, Type I), dot-dashed (uniform magnetic medium). Symbols
O = — Q0 4 opant 2k exp(—rLy) ~ denote discrete stacks of YIG/GGG (squares and crosses), and Y h8is
K apl2sinh(k L) — exp(—rLq)] signs).

Note again that as the rear grating is assumed to be a perfgglyhich = 15 give the rotation achievable in a typical corru-
reflector, the rotatiordx depends on neither the mean indexyated slab waveguide for Type | (coarse dotted) and Type Ii (fine
length, or strength of the rear grating. The only condition [iMyotted) structures. For these cases, the enhancement of rotation
plied by (14)] is thate; L, — 1 L1 = 3—4. As there is less mag- gyer the uniform material is rather modest due to the limited
netic material present, the rotation induced by a given lehgth gyting strength that can be attained by surface corrugation.
is somewhat smaller than for the Type I (_jesign; from (16) and The solid (Type 1) and dashed (Type 1) lines for= 123 cor-
(18) we see that the same rotation is achieveg-atd when  respond to YIG/GGG quarter-wave thin-film stacks. The Type
- . In2 [l design allows a 99rotation with the magnetic YIG confined
Ly =11+ E™ (19) to just 10um and a total length of under 20m. For these struc-

where the superscriots indicate Tvpe 1 or 1. This modest "'%ures, the stacks are sufficiently short that their discrete nature
. P P yp ' is apparent—there is a significant change in rotation with the
crease in length of the front section can be more than comp

sated for by choosing a much shorter and stronger rear grat%g;dition of a single pair of layers. The squares and crosses indi-
The dashed and double-dot-dashed lines in Fig. 6 show the r cate individual realizations of the stacks in one unit increments.

tion and bandwidth, respectively, for a YIG/IGGG Type Il stru::)!t?ie points atthe Type Il and Type | peaks have 22 and 25 layer

ture. Itis apparent that there is a simple shiffiprequired for pairs in fron_t of the defect,_ r_espectively. We emphasi;e that for
the .same rotation. The bandwidth for a given rotation is hov?ll these points, the reflec_tlwty ex_c_eeds 99% and that it could be
ever. somewhat réduced '’ " lIncreased further by adding additional layers to the rear of the
' ' structure. Note also that the strength of tear gratings were
held constant in all these calculations. Consistent with (16) and
(18), the Kerr rotation depends only on the properties of the front
InFig. 7, we show the enhancement that is possible for a rargyating, providing only that the rear grating always exceeds the
of different geometries using Bi-YIG as the magnetic materiatrength of the first sufficiently.
with Type | and Il structures. The rotation @t= 0 is plotted Finally, the plus signs denote Type Il YIG/Si@tacks with
as a function of the length of that part of the structure con-the number of layers indicated by the adjacent numbers. These
taining magnetic material. Thus for Type | structuréss the stacks show rotations up to 9@vith front grating lengths of
total length; for Type Il structured, = L, and the total length ~8 p;m and total stack lengths of order 18n, still with re-
might typically be of orderl.5L;. As mentioned earlier, the flectivity over 99%. It is clear that with the large index differ-
length of the structure containing magnetic material is of irence of this system, enormous enhancement in rotation is pos-
terest for switching purposes. sible with essentially perfect reflection. Due to the high index
The straight line in Fig. 7 indicates the rotation that wouldontrast, however, significant jumps in rotation occur with the
be obtained by reflection from a uniform layer of YIG with aaddition of a single layer (compare the points marked 8 and 9,
strongly reflecting dielectric mirror behind it. This is simplyor 10 and 11). If intermediate values of rotation are required,
fx = 2voL. The rotation induced by our structures must bene-tuning can be achieved by careful selection of the index of
much higher than this line to be of interest. The two dotted linélse medium in front of the stack or by slight doping of the §iO

C. Discrete Stacks and Waveguides
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layers to change the refractive index. This idea is discussed in4]
detail in [5]. All calculations here assumed an input medium
with n = 2.05, the same as the YIG/GGG stacks. [5]

V. CONCLUSION (6]

We have examined the problem of achieving high Kerr rota-
tions in periodic stacks without suffering an accompanying loss
in reflectivity. The key to optimization is the introduction of an
extra degree of freedom by allowing the location of the defect Eg}
to vary. The rear grating is made sufficiently long to guarantee
reflection, and the length of the front grating is then tuned td10]
obtain the desired rotation. The two parts of the structure thus
serve two complementary and largely separate roles which sim-
plifies the task of optimization for a particular angle.
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