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Polarization State Controlled Multistability of a Nonlinear Magneto-optic Cavity
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We investigate the theory of a nonlinear magneto-optic Fabry-Pérot interferometer, filled with
an isotropic dielectric that possesses linear and nonlinear artificial gyrotropy. We show that the
nonreciprocity leads to specific multistable transmission patterns and, in particular, to a polarization
controlled multistability at constant input intensity. We also show that the reciprocity of the cavity can
be restored effectively for certain parameter regimes. [S0031-9007(99)08486-0]

PACS numbers: 42.65.Pc, 42.79.Ta, 85.70.Sq

The polarization state of the light reflects the vec- The magneto-optic FP cavity consists of a dielectric
tor nature of the electromagnetic field and introduceplaced between two partially reflecting plane surfaces,
topological features with important implications regardingseparated by a distandg in the Faraday configuration
discrimination and robustness of certain electromagnetiwith the optical fields propagating collinearly along the
interactions. This is particularly striking when nonre- direction of the externally applied static magnetic field
ciprocity comes into play, and can have some far reachin@l, = Hoe,. Keeping only lowest order optical and
conceptual repercussions in applications. This is, for inmagneto-optical nonlinearities, in the infinite plane-wave
stance, the case when unidirectional control or shieldindgimit, the field inside the cavity then obeys [3] the wave
of optical signal transfer is an issue, or in connection withequation,

storage and transfer of coherence, quantum optical or spin 2 2 4
coherence in particular. In this respect magneto-optical — 1t 5 E,=—~0u Z P, @3]
interactions provide the most appropriate ground to study 0z ¢ j=1

such aspects because of their gyrotropic character. o) (ee). 3) _ (cece). .
We address here such a case in confined geometr ,'t.h P, — Box - E, ande . fox - E,ELE,
namely, a magneto-optic Fabry-Pérot (FP) cavity, and i eing the linear and cubic (opU(g)aI Kerr (eff(;,-ct) [3] po-
! ! i i it 1 — eem).
particular we show that this can exhibit a polarization arization densities, respectivelp,,” = eox ™" E, Ho

, - : - and PW = goyleceem): E E,E* Hy are their modifica-
tate controlled multistabl ration. The startin int i 0x @ B 0 .
state controlled multistable operatio s gpo ions Borought by the magnetic field, the linear and photo-

that the constitutive relation between the electric displace- k
ment vectoD(r, ) = RED, e '] and the electric figld induced Faraday effects, respectively [1,2]. We have

_ —iwt : : introduced the nonlinear susceptibility formalism [3] and
E(r.7) = REE, ¢ '] can be written [1] in the form, neglected the magneto-optical self-coupling to the weak
D, = go(e: E, + iE, X g), (1) and rapidly oscillating magnetic field of the light.

) ) o We introduce the circularly polarized basis = (e, =
where € is t_he tensor of the electrical permittivity, and ie;)/~/2, and by separating Eq. (2) into circularly polar-
g the gyration vector, parallel to an externally appliedjzeg componentg. = e% - E,, we obtain the system of

magnetic field. Clearly the vector product in Eq. (1) lifts nonlinear coupled differential equations,
the degeneracy of left- and right-circular polarization statesazE )
and introduces a nonreciprocal artificial gyrotropy. This ; T "’_2 (n* =y + ri |E<|> + r |[E=|)E+ =0,
aspect is strikingly manifested in normal reflection, and we 9z c

anticipate this to have a distinct impact on the transmission 3
characteristics of a magneto-optic FP cavity, because of. , ce . (eem .
the cumulative effect of multiple reflections and optical With n? = 1+ xi57, y = ix(5e" Ho, a(nd \)/viere(rki )_
nonlinearities related to photoinduced modificationsof Pk = 4k k=12, pia = G/4) (557 + X555,
andg, namely, the optical Kerr effect and the photoinducedqi2 = i(3/4) (x\sce™ = x!eeee™)H,, where we made
Faraday rotation [2], respectively. A constitutive relationuse of intrinsic permutation symmetry [3] of the involved
of the form (1) leading to gyrotropy also holds [1] in Susceptibility tensors.

a medium with natural optical activity (rotatory power) ResolvingE- into their forward and backward travel-
without placing it in a static magnetic field, but the ing componentsE, = El + E?, El, = eJrE’;e""ﬂ”Z +
reciprocity is preserved and the effects we discuss below_E/ ez, E? = e* Eb e~iknz + e* Eb ¢ ~ikonz - with
cannot take place there. ko = w/c, we can derive equations for the envelope
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functionsEi and E%, where a “” in the subscript de- m _ 301+ |p(il)|2) 15801 — 1)/ — 2]
notes left-circular polarization (LCP) and a" denotes -0 - Ym Vell,
right-circular polarization (RCP). We will from now on It(l)lz
assume a lossless medium with real coefficiemntsy @ _ 1+ ) +
; . ’ - = * + +
andr,, k = 1,2. Applying the slowly varying envelope Cs 217V 1= 80+ v/ A+ vo)],
approximation [3], multiplying Eq. (3) by “%*" and 410 (0) (1) | 0) (1)|2
averaging over a few spatial periods then gives a systemp, — __ #Px P=1 L= TETE
of four nonlinear coupled differential equations, T —lp (_0) 9)|)2 1= 1p9 )2
(0) (1)
JEL  k I's =[2n % y/n)koL + argp=" + argp=']/2,
=i [y + (LR + 20EL P |
z n ; ; and where we defined the parameters
+I"+E:2+ Eé_zE+, 4da .
- . 27(' | | _| )] * ( ) v, = (iiiE)/X)(CfCiiE)’ 5 = _lHox)(C;;;Em)/X)((iiie)’
= .Ko— b2 2 —
S = ~ig, [y + L (ELP + 21E5P) v = XSS xS, =1+ w)/(1 = ).

(4b) In Eq. (7), F+- have the role of the finesses of the

cavity for pure LCP or RCP waves, and- are half
where we neglected phase-mismatched terms. Equé#le total phase shifts experienced by pure LCP or RCP
tions (4) are easily integrated to give the general solutionvaves during one complete round-trip inside the cavity,
for the envelopes as excluding nonlinear effects.

When the incident light is either LCP or RCP, one can
obtain exact solutions to Eqg. (3). In particular, whenever
_ T N _ tb the reflection coefficients are real, the exact solution
with A% being positive constants of integratiofiy” the  pecomes
phases of a respective wave at the first reflecting surface
of the cavity, atz = 0, and where

+ ry (IE21? + |ELIP)IEL,

0 ) S - b b
Ei =Aft€1ko77¢z+u//t’ Ei :A};e zkoniz-#ngi, (5)

[1 + Fs SP(vakoL,m+)]st = Uxsh,

where sn is a Jacobian elliptic function [4], with the
parameterg - andm-+ given as

0
20p" 2

v2 =nd + [1 + —lp—(ll) }—n Cc:
3(1 + |p='|?) ] koL

nl =[xy + ri(ak? + 2482
+ ry (A2 + ALD)]/2n),

nt = [Fy + r_(A%? + 24L?)
+ 2. (A2 + AL/ 2n).

M r

+

1
8|p(¢)| n ) 7
0 5 5 L + S+ .
3(1 + |p+'[?) v=ko

The boundary conditions of the cavity are mx

L f .
Ales = 7OFL 1+ Qb (6a)

The total solution for the transmitted light is conve-
Age—i(n+n}£)k0L+iz/;’i’ — pg)Afiel(n+n£)kgL+i¢£, (6b)

niently expressed in terms of normalized and dimen-
sionless Stokes parameters [5}, = (koLp1/n)Si, k =
where E. are the incident complex fields taken imme-0, 1,2, 3, with

diately before the first reflecting surface. In Egs. (6),
70 = 2n/(ng + nx),  pL = (nz — no)/(nz + no),
andp(i1 = (n= — n1)/(n+ + ny) are the complex ampli-
tude transmission and reflection coefficients for LCP an
RCP, withny being the refractive index of the medium
surrounding the cavity for < 0, n; the refractive index

So = |ET|* + |ET|?, S, =2 R4ETET],
= [ETP? — |ET)?, 5, =2 ImETET],

%nd the incident light by the sev;, = (koLpi/n)Wy,
k =0,1,2,3, with W, defined similarly toS;, with T

for L < z,andn? = n? * .

Using the fact that the electrical fields transmitted

from the cavity areEl = 7 el
(1

Ew(Z = L), with

7+ = 2n+/(n+ + ny), and introducing the new normal-

ized and dimensionless variabled’ = (koLp1/n) X
|ELT 2, Egs. (5) and (6) can be reduced to

[1 + F+ sirt(T+ + C” T4 % st = ULsh,
(7)

where the constan’@(ik), F.,andU- are defined as

replaced byl. Using this transformation, Eq. (7) becomes
(1 + Fs Siféx) (so * 53) = U=(wo = w3),  (8)
with £+ = £.+(so, s3) given as
e =T + AT + (Y + cP)sp/2
= (¥ - D)ss/2,

where we defined the detuning andle= (I's + I'_)/2
(mod 7r) and differential detuning anglal’ = (I'y —
I'_)/2 (mod 7). The effective impact of nonreciprocity
is manifested whenever Eqg. (8) is noninvariant under the
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transformationE!. — EZ*, ET — EL*| ie., (w3, 53) — First we analyze the influence of the linear gyrotropy
—(ws,s3). The remaining Stokes parametess,ands,, in the case with negligible nonlinear gyrotropy, namely,
are obtained from Egs. (5) and (6) as 6 = 0. We note that, for differential detuning angles
s1=(s2 — S§)1/2 code) AT = 0,7/2, _the ef_fectivg impact of the nonreciprocity
’ (9)  on the transmitted light disappears, and for= 0.2 the
52 = (s3 — sH)'? sin(e), transmitted intensity (ellipticity) becomes independent of

with @ = (s, s3) being twice the angle between the the input ellipticity (intensity). In Fig. 1 we show the nor-
axis and the main axis of the polarization ellipse of theMalized transmitted intensity, obtained from Eq. (8), vs

transmitted light, normalized input intensity, for these two extreme cases,
for R = |p|> =08, I' = 0.47, and an arbitrary polar-

P =¢0 T o1t o2t @3, ization state; a multistable behavior is obtained as in the
@0 = argE’ — argE’, ordinary scalar FP cavity [7,8]. As the differential detun-
B © o _ 0 1) ing angle is varied, for example, starting withl’ = 0

@i = argrT_" +argT_’ — argT+ — argr+, and increasing the externally applied magnetic fisl
@> = —koyL/n — (Dy + D_)sg — (D — D_)s3, for AT" = 0.2 we obtain the solution shown in Fig. 2.
) . Figure 2(a) clearly shows the asymmetrical impact of the
’( lp+ pW| sin2&- )
@3 = arcta ORO]
1 — |py p='] cosS2£-

(D) o
lp©p:’| sin2&y @

1 — |p="p+'| cos2é.

1
(1 +200P o) 100

3+ 10 2
The contribution ¢3 follows directly from the nonre-
ciprocity of the artificially induced gyrotropy, as oppo- %0
site to the reciprocal natural gyrotropy (optical activity),
where the rotation of the polarization ellipse of the for-
ward traveling field is compensated for on the way back
[1,6]. Relations (8) and (9) completely describe the po-
larization pattern of the transmitted beam for an arbitrary
polarization of the incident beam. From this complex pat-
tern we single out the case of polarization state controlled
multistable transmission.

The following discussion is significantly simplified

D~

0.4

under the approximation of equal reflectivities for LCP
and RCP of both surface;s,(f) ~p, k=0,1. 0.35¢
0.3
0.4 0.25F
0.35¢ So 02
AT'=0
0.3r 015
0.25¢ 0.1F
S0 02r Ar=n/2 0.05F
0.15¢ ,
-1 -05 0 0.5 1
01f 1 w3 /wo
0.05} . FIG. 2. (a) Normalized transmitted intensity vs normalized
input intensity wy and normalized input ellipticityws/wyq.
% s 10 = 25 5 (b) Normalized transmitted intensity vs normalized input
wo ellipticity, taken for @A) wo = 2.0, (B) wg = 3.2, (C) wy = 5.6,

(D) wy = 8.0, and E) wy = 10.6. One optical hysteresis loop
FIG. 1. Normalized transmitted intensity, vs normalized is indicated by the dashed arrows. Used parameter values
input intensityw,. Used parameter values aRe= 0.8, I' = areR =08, I' =047, AT =027, v. =02, and § = 0.
047, v, =0.2,andé = 0. Notice the asymmetrical impact of nonreciprocity.
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a case foré = 0.4. As shown in Fig. 3(b) hysteresis
loops appear for constant input intensity as in the previous
case withd = 0 and AT" # 0,7 /2. In fact, a careful
analysis shows a whole series of regions where the
behavior becomes effectively reciprocal because of exact
cancellation of linear and photoinduced terms of Egs. (8)
and (9).

Several systems can be considered for experimental in-
vestigations. In the transparency region we considered
here the nonlinear coefficients are weak, but close to
resonances they can be appreciable and the predicted be-
havior comfortably observable. Some provisions must
be made in the previous theory to include absorption
losses. One interesting case is that of semimagnetic semi-
conductors where giant linear and photoinduced Faraday
rotations have been evidenced [9] both in bulk and in
multiple quantum wells with moderate magnetic field and
beam intensity. Another case [10] is that of an atomic gas,
for instance, sodium or cesium, where again close to an
atomic resonance giant Faraday rotations have been mea-
sured [11,12] and similarly for rare earth doped crystals or
glasses.

In conclusion, we have derived the transmission charac-
teristics of a nonlinear magneto-optic cavity. The solutions
show a rich behavior as a consequence of the interplay be-
tween nonlinearity and gyrotropy, and one of the impacts
of the artificially introduced gyrotropy is the appearance
of a polarization state controlled multistability at constant
input light intensity.
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