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For the first time we study the transmission and the reAection of transverse-magnetic-polarized
optical fields which impinge obliquely on diverse multilayer systems showing distinct resonances of
geometrical origin in the low-intensity limit. The individual layers are endowed with nonlinear rna-

terials, the complex dielectric functions of which depend on the local intensity of the optical wave.
The field propagation is described by a straightforward algorithm that reduces the final field calcula-
tion to a standard Runge-Kutta procedure. With respect to varying input fiuxes we discuss in detail
the response characteristic of a single nonlinear film near the angle of total internal reflection, a
nonlinear periodic multilayer system near the edges of its stop gap, and a nonlinear Fabry-Perot
Etalon, coated with linear or nonlinear dielectric mirrors, near an Airy resonance, respectively. For
all configurations under investigation, a bistable input-output Aux characteristic is predicted. We
compare also the response behavior as it depends on the state of polarization. A clear advantage of
transverse electric polarized fields with respect to lower switching intensities could be identified.
There are indications for optical bistability with respect to the polarization angle.

I. INTRODUCTION

In recent years, there has been a rapidly increasing in-
terest in the theoretical and experimental study of the
propagation of electromagnetic radiation in materials
whose dielectric tensor varies with the amplitude or in-
tensity of the optical field. When such materials are im-
plemented in thin optical films or stratified media, the
field propagation is altered by the presence of interfaces,
which leads to exciting properties of the pertinent optical
response characteristic, such as power-Aux-controlled de-
tuning of transmission resonances accompanied by
optical-bistability- and -multistability phenomena, These
phenomena result from an interplay of refraction,
reAection and phase-matched interference effects of opti-
cally linear and/or nonlinear origin, and have a great po-
tential to all-optical information processing applications.

The scope of the present paper is the full electromag-
netic description of the optical response behavior of non-
linear stratified media under plane-wave irradiation, with
conditions where perturbation theories do not apply. To
keep this paper within reasonable limits, we will exclude
the consideration of guided wave fields, although requir-
ing similar mathematical techniques. Preliminary results
on this topic can be found elsewhere.

The pertinent theoretical analysis splits into two funda-
mental parts, namely the integration of the nonlinear
wave equation with suitable boundary conditions and the
proper consideration of the electromagnetic crossing con-
ditions along each interface. The complexity of both
parts is essentially determined by the assumed polariza-
tion of the total optical field as well as the choice of the
relevant dielectric tensors.

Transverse-electric (TE) -polarized fields are character-
ized by a single electric field component pointing perpen-
dicular to the plane of incidence. Hence, the whole prob-

lem reduces to a scalar one.
For transverse-magnetic (TM) -polarized fields, the oc-

currence of two field components, one pointing parallel
and one perpendicular to the interfaces, leads, in general,
to a nondiagonal nonlinear dielectric tensor even for ma-
terials that are isotropic in the low-intensity limit. This
circumstance complicates both parts of the analysis ap-
preciably.

To our best knowledge, the theoretical program out-
lined so far has been performed for TE-polarized optical
fields only propagating in various nonlinear thin-film
geometries. These studies cover normal and ob-
lique"' ' plane-wave incidence, and nonlinear refractive-
index saturation ' and absorption.

All these studies found the incident power Aow as an
essential tuning parameter. When exceeding certain
power-Aow thresholds, the optical response characteristic
becomes multivalued and optical bistability sets in.

The formation of multivalued response curve sections
can be understood as a field-induced detuning of sharp
transmission resonance peaks already occurring in the
low-intensity limit, i.e., under optically linear conditions.
(These resonances will be labeled "linear resonances"
determined by the linear optical properties of the system. )

With increasing power How, the material nonlinearities
provoke a shift of the total resonance peak accompanied
by a steepening of one peak slope until the whole peak
inclines so extremely that the peak slope gets bent back.

These effects have been predicted, respectively, for sin-
gle nonlinear films illuminated under total-internal-
refiection (TIR) conditions ' or by introducing large
refractive-index differences between the film and its envi-
ronment, ' and for nonlinear periodic multilayer systems
illuminated near the appropriate edge of the stop gap
determined by linear lattice theory. In this case, the em-
erging field profiles, associated with a transmission reso-
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nance that is pushed into the stop-gap region, have been
identified as so-called "gap solitons".

Eventually, two classical studies closely related to our
topic, shall be mentioned. Marburger and Felber' con-
sidered for the first time the optical response of a non-
linear layer but with boundary conditions which suppose
the layer is bounded by perfect mirrors. Winful, Mar-
burger, and Ciarmire" predicted first optical bistability in
nonlinear distributed-feedback structures. We mention
also the consideration of a Fabry-Perot cavity, composed
of a nonlinear film, both endfaces of which are provided
with optically linear highly rejecting multilayer coatings,
in the framework of a slowly varying envelope approxi-
mation. '

The program of the present paper is twofold in the
sense that both a theoretical analysis of the nonliner
response problem for TM-polarized optical fields shall be
provided, complemented by the detailed investigation of
several well-designed composite thin-film geometries.

The theoretical analysis leads to a straightforward but
very flexible algorithm that describes the steady-state
response behavior of a mixed-type linear and/or non-
linear multilayer system for a TM-polarized obliquely in-
cident plane wave. This algorithm is well adapted to
multilayer problems and permits the inclusion of both
linear and nonlinear absorption as well as saturation of
the nonlinearity and reduces the final numerical-field cal-
culation to a standard Runge-Kutta procedure (Secs. II
and III).

In the numerical part (Sec. IV) we apply the algorithm
to several nonlinear film configurations properly designed
to show sharp linear transmission resonances. We start
with a single, uncoated nonlinear film as the elementary
unit of all composite geometries. In our specific example,
the input field impinges in the vicinity of the total-
internal-reAection angle. Our results complement analo-
gous considerations for TE-polarized fields. '

Secondly, we consider a periodic multilayer system of
50 unit cells where each unit cell consists of a linear-

. nonlinear double layer. Here we focus our attention to
the edges of a specific stop band of the angular response
curve. We find optical bistability and compare our re-
sults with analogous studies for the TE case. ' '

Eventually, we combine both configurations assuming
a central nonlinear film (Fabry-Perot cavity) both
endfaces of which are coated by either a linear or a non-
linear periodic multilayer system. The interplay of both
configurations gives rise to sharp Airy resonance peaks in
the gap region of the multilayer cladding. These reso-
nances are very sensitive to nonlinear detuning leading to
bistable response curves. A comparison, both with TE-
polarized incident fields and with two uniaxial approxi-
mations, frequently used for TM-polarized fields, con-
cludes the numerical part of this paper.

In order to keep the number of tunable parameters
within reasonable limits, we restrict our numerical stud-
ies (Sec. IV) to dispersive, nonsaturating Kerr-type non-
linearities, leaving the inclusion of more subtle nonlinear-
ities to a forthcoming paper. However, the efFect of
linear absorption has been considered. For TE-polarized
fields, the inQuenee of nonlinear absorption and satura-

tion efFects on the response behavior of a periodic multi-
layer system has been studied recently.

As far as we can see, the present study gives the first
survey on the TM-optical response of nonlinear stratified
media based on an exact integration of the nonlinear field
equations, even under the simplifying assumptions sum-
marized above.

II. THE OPTICAL FIELD IN A NONLINEAR
MULTILAYER SYSTEM

We consider a multilayer system where the interfaces
are parallel to the x coordinate and the plane of incidence
shall coincide with the x-z plane. Hence, the geometry
shows a translational invariance with respect to the y
coordinate.

We assume TM polarization and investigate the
steady-state response of the system under oblique plane-
wave incidence.

Hence, the electric (E„,E, ) and magnetic field (B =8)
components (symbolically denoted by A) are of the form

A (X,Z, t)= A (Z)exp[i(PX cot)]+c.c.—,
where X=kx and Z =kz are scaled parameters, with
k =co/c, and P is the normalized x component of the
wave vector.

We are only interested in automatically phase-matched
third-order ofF-'resonant nonlinear processes. Hence, we
can restrict the analysis to that part of the nonlinear po-
larization oscillating with the frequency m. Under these
conditions, the nonlinear polarization in a linearly isotro-
pic crystal can be written as' '

P; "(x,z)=eoX,„E„
with

X,k"=y[D (E,Ek +E,*Ek )+(C —D) ~@ 5,.k], i, k =x,z

where C and D are constants related to the physical ori-
gin of the nonlinearity and y is the constant of the non-
linear interaction. Electronic as well as molecular
reorientational-based nonlinearities yield both CAD%0
leading to nondiagonal tensor g;k . ' For the sake of
clearness we restrict our analysis to the simplest case
where the "anisotropy" vanishes (D=0). This type of
nonlinear polarization is produced by electrostriction and
thermal efFects. ' With

g)(x, z) =@co@(x,z)+P "(x,z)

we can introduce the nonlinear dielectric subtensor

NL
O & (/g/2)

with

where e=gC is the nonlinear and e=e +i e ' the com-
plex linear dielectric coefFicient. In our general analysis
we make no aeeess to the explicit form of the tensor ele-
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E;; =6+aC;; 1 —exp

ments e„and e„ thus permitting the phenomenological
inclusion of saturation as well as nonlinear absorption
effects. Both effects can be phenomenologically taken
into account in writing the tensor elements as

IE.I'+ IE.I'
l =X,Z

C2

&zz
(Sc)

Taking advantage of Eq. (Sc), the magnetic field 8 can be
replaced in favor of the E, component of the electric
field. This leads to a set of equations which contain the
electric fields exclusively,

(4b)

where C,C„are constants and a is now a complex-
valued quantity. The maximum field-induced dielectric
coeKcients are then

4

dE /dZ= —(P —e„)E, ,

d(e„E, )/dZ = iP—~„„E„.

(6a)

(6b)

dE„/dZ =i (cB +PE, ), (Sa)

dB/dZ =—e„„E (Sb)

Eii 6+ cxCi

and the dispersive Kerr nonlinearity is reestablished in
the low-intensity limit and setting a=a*. This is only
one way to model saturation and nonlinear absorption
effects but shall suftice for the present purpose.

With the ansatz (l) and Eqs. (3) and (4) Maxwell's
equations reduce to

Recalling that e and e„depend not only on E and
E„but also on the complex conjugate fields, E„* and E,*
must be also at our disposal. In order to get a system of
differential equations that can be handled by a standard
Runge-Kutta procedure, the differentiation both in Eq.
(6b) and its complex conjugate counterpart must be car-
ried out. Additionally, the complex conjugate of Eq. (6a)
must be introduced. The differentiation procedure is
straightforward, but very tedious, and shall not be de-
tailed here.

Eventually, we end up with our fundamental system of
differential equations

dE, /dZ =—(P —e„)E, , (7a)

dE,*/dZ = ——(P —e,*, )E,*,l
(7b)

; P E,[e„(de,*,/dI)E„E,'+e"„(d „/d )E*E,]+ „F.,*,P E
dE, /dZ = ——

(d I ~,.I'/dI) IE, I'+ I ~,.I'

e,*,E,(d e„/dI) fE'E, (P e„) EE,*(P—e,', )
—]—

(die„ I
/dI) IE, I'+ le„ I'

; P E,'[e„(de,*,/dI)E„E,*+@„*(de /dI)E„*E, ]+~*„e„PE,'
dE,*/dZ =—

(dl~„f~/dI)IE, I'+ I~„I'

e„E, (dezz/dI)[E„*E, (P e„) E~Ez (P —e—zi)]
(dl e„l'/dI) IE, I'+ I ~„I'

(7d)

where the explicit dependence of the tensor elements (4a)
and (4b) on the local intensity I = IE„ I

+ IE, I
was used.

Now, our aim consists of calculating the field com-
ponents E„,E*,E„and E,* at the exit interface of both a
single nonlinear layer and a multilayer system assuming
that all field components involved are known at the en-
trance interface. Note that the proper relation among
the "initial" field components will be established in Sec.
III when the incident and transmitted fields are intro-
duced. Additionally, we must recall the discontinuity of
E, and E,* when crossing the entrance interface. Due to
the continuity of B, E, and E* along the interfaces, we
get from Eq. (Sc)

e'. (IE.I', IE. (8b)

where both the fields and the tensor elements before and
beyond the interface are labeled by —or + signs, respec-
tively. Both Eqs. (8) must be solved simultaneously by
numerical means in order to get E,+ and (E,+ )*, provid-
ed that E, and (E, )* are known. Most conveniently,
this can be performed by an iteration procedure using the
initial values

e., (IE.I', IE.
E+

(8a)
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Now, all information needed to solve the system (7) by a
standard Runge-Kutta procedure is available. We in-
tegrate the set of di6'erential equations through the first
nonlinear film. At the interface to the second film,
characterized by di6'erent parameters e and o., the pro-
cedure (8) must be repeated. Thus one gets the initial
values for the next integration. Eventually, one ends up
with the fields Ex, E*,E„and E,* at the exit interface of
the nonlinear multilayer system.

Very recently, Joseph and Christodoulides' have
found a first integral of the set of equations (6) for guided
fields (E,E„B—+0 for z~~) and vanishing losses.
With the help of this first integral they succeeded in cal-
culating the fields by a simple quadrature. In our case
this approach fails to work because, in contrast to the
guided wave scheme, the fields within the films are no
longer real-valued and we allow for linear losses.

E„(Z)= I
E'",exp[ik„(Z —Z )]

CZ

—E",exp[ik„(Z —Z )] I (1 lb)

with Z =kDML. The substrate field is the transmitted
field

E, ( Z) =E,' exp( ik„Z), (12a)

E„(Z)= — E'exp( ik—„Z),
ZS

(12b)

E„,(0)=E„', (13)

where the superscripts in, r, and t label the incident,
rejected, and transmitted fields, respectively. For Z =0
Eq. (12a) implies

and from Eqs. (11) one gets at Z =Z
III. THE OPTICAL RESPONSE

OF THE NONLINEAR MULTILAYER SYSTEM E,(Z ) =E,'"+E„", (Z) E IEf

d E (Z)ldZ +k, E (Z)=0, (10a)

We assume the following geometry. A linear substrate
(e, ) shall occupy the half-space z (0. This substrate is
loaded by a stack of nonlinear films forming X unit cells.
Each unit cell shall be composed of two di6'erent films
characterized by the complex dielectric tensors
eNL„eNLb and the thicknesses dNL„dNL&, respectively.
The overall thickness of the stack is DML =N(dNL,
+dNLb). Eventually the stratified medium is covered by
a linear cladding (e, ) occupying the half-space z ~ DML.

In order to calculate the transmittance and the
reAectivity of the system under investigation we must re-
late the involved fields at the entrance and the exit inter-
face of the nonlinear stack to the substrate and the clad-
ding fields via the boundary conditions. To this end the
fields within both the cladding and the substrate have to
be detailed.

For both half-spaces the tensor components of eNL sim-
plify to e =e„=e, where e stands for e, and e, . Note
that all quantities applying to the cladding and the sub-
strate are labeled by the subscripts c and s, respectively.
Hence the system (6) can be rewritten as PM

Taking advantage of the continuity of E and e„E„to-
gether with the corresponding complex-conjugate quanti-
ties, we can replace the cladding fields at the cladding-
multilayer system interface by the corresponding inter-
face fields within the nonlinear region. In doing so, we
end up with

k„e„(Z)E'"=—E (Z)+ E,(Z)
2 ' Pe,

(14a)

k„e„(Z)E"=—E (Z) — E (Z)x 2 x p Z (14b)

Equations (13) and (14) express the desired relations be-
tween the field amplitudes at the outermost stack inter-
faces and the incident and exit fields. Note that there
only two parameters free of choice remaining, say E„' and
E,'*. Once both (and p) have been fixed, all other param-
eters are determined by the algorithm.

The final goal consists of calculating the response of
the system as it depends on the angle of incidence as well
as the input Aux. The transmittance and the reAectivity
are, respectively, given by

E,(Z) = i dE„(Z) /dZ
k,

(10b)
St

T S'"
Z

(15a)

with k, =(e—p )'~ . Without loss of generality we as-
sume that the dielectric coefBcients of the substrate
(e=e, ) and the cladding (e=e, ) are real valued. Assum-
ing a plane incident wave in the cladding, the total clad-
ding field represents a superposition of the incident and
the rejected wave. The corresponding solutions to Eqs.
(10) are

S,"
R =

Sln
Z

(15b)

where S, is the z component of the time-averaged Poynt-
ing vector

S, = —,'Re(E XH )n,

E„,(Z) =E„'"exp[—ik„(Z —Z ) ]

+E„"exp[ik„(Z—Z )],
2pockz

Using Eqs. (13) and (14) one arrives at

(16)
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k„~,IE.' I'

k„e„(Z)
k„e, E„(Z}+ ' E,(Z)

&c

denoted by U, and
(17)T=4 2 e„=e+a( IE, I'), e„=e (21)

k„e„(Z)
E,(Z)

&c

k„e„(Z)
E„(Z)+ E,(Z )

&c

E (Z)—
(18)

In order to discuss the nonlinear response behavior, these
quantities have to be evaluated as they depend on the in-
put Aux

k„e„(Z)
E„(Z)+ E,(Z )

&c

&c
S,=

8po~k
(19)

A. Single nonlinear Slm near the TIR angle

denoted by U, . Note that e is a complex-valued quantity.
Now, we are applying our algorithm to three different

stratified configurations. Firstly, we study the TIR
phenomenon at a single nonlinear film, secondly, a
periodic multilayer system illuminated near the edges of
its stop band is considered, and thirdly, the Airy reso-
nances of a nonlinear Fabry-Perot cavity, endowed with
multilayer dielectric mirrors, will be investigated. Fur-
thermore, we compare our results with those that hold
for TE polarization. To this end we take advantage of
two recently published theoretical models. '

Now with Eqs. (17}—(19) all necessary information is
available to evaluate the nonlinear response of a rather
general class of multilayer systems for an obliquely in-
cident p-polarized plane-wave field.

The entire numerical algorithm works as follows.
(1) Fix the incident angle 8 to get P=(e, )' sin8.
(2) Fix E„,(0)=E„'. Since the substrate is assumed to

be lossless, the phase of E' can be set to zero without loss
of generality. This implies E„',(0)=E„,(0).

(3) Calculate E,' and E,'* via Eq. (10b) to be

e„=e +a/ E/' (22)

1.0

First, we consider a single, uncoated nonlinear film, il-
luminated in the vicinity of the TIR angle with both TE-
and TM-polarized light. The film medium shall be
characterized by dielectric coefficients of the type of (4a),
(20), and (21), respectively, in the TM case and by

E'=Et*= E'
z z k x

ZS

(4) Find the initial values E, +(0),E,*+(0) needed for
the numerical procedure via Eq. (8),

e,E,'=e„+(iE„'i,iE, +(0)i )E,+(0),
~,E.'*=~,'.+( IE.' I', IE,+(0)I')E,'+ (0) .

(5) Integrate the system (7) through the nonlinear
stack, bearing in mind the discontinuity of E, and E, , to
get E„(Z), E„*(Z),E,(Z), E,*(Z). Once all fields at the
exit interface Z =Z of the stack have been found, both
the refiectivity and the transmittance of the nonlinear
multilayer system follow directly from Eqs. (16)—(18).

We recall that the algorithm outlined so far is applic-
able to the whole class of nonlinear saturating and ab-
sorbing stratified media which can be described by a
dielectric tensor (3) the complex-valued elements of
which depend on the local-field intensity ~@ via (4a) and
(4b).

IV. NUMERICAL RESULTS
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e „=r+a(~E„~ ), e„=e (20)

For our numerical calculations we use the dielectric
tensor elements (4a) with real-valued nonlinear
coefBcients u. Physically, these tensor components de-
scribe an isotropic Kerr-like medium with intensity-
dependent dielectric coefficients and linear losses. Fur-
thermore, we compare our results with two uniaxial ap-
proximations, frequently used in the literature, namely

FIG. 1. (a) The transmittance of a single linear dielectric film

in dependence on the angle of incidence 0 near the angle 0»R of
total internal reAection, for TE-polarized fields. The film

(e, =2.46, d, =2.5 pm, db =0, %=1) is embedded between two
high index materials (e, =e, =3.087). Other parameters: wave-

length A, =2mc /co =488 nm (throughout Figs. 1 —9),
OyiR =63.21 8„]=62.99' (resonance angle nearest to TIR). (b)
The transmittance of the same single linear dielectric film as in

(a) as a function of the angle of incidence 8 for TM-polarized
fields; same parameters as in (a).
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in the TE case, where a&0 is always assumed. The
dielectric coeKcients e, =e, of the film surroundings are
assumed larger than the linear dielectric coefficient e, of
the film. For there is only a single film unit cell, N =1
and db =0 holds, see the initial part of Sec. III for the un-
derlying notation.

The linear angular response curves for TE- as well as
TM-polarized fields near the TIR angle OT,R are plotted
in Figs. 1(a) and 1(b), respectively. Due to the larger
effective cavity finesse near the TIR angle, the resulting
Airy resonances become very sharp thus representing
promising candidates for optical bistability. In order to
get bistable response curves the input power How S,'" has
been tuned for an incident angle fixed between OT&R and

0„„,the latter one designating the angular position of the
resonance peak nearest to total internal reAection [see
Figs. 1(a) and 1(b)]. Note that, for a self-focusing non-

. linearity, multivalued sections of the response curve will
emerge only at the high-angle slope of the appropriate
resonance peak. The nonlinear enhancement of the
dielectric coefIicients in the nonlinear film shifts both the
TIR angle and the peak position slightly towards larger
angles. Simultaneously, the peak inclines to the right
(i.e., to higher angles) thus leading to the desired back-
bending of the high-angle peak slope. For defocusing
nonlinearities the opposite peak slopes become sensitive
to backbending.

The nonlinear response curves are depicted in Fig. 2.
Note that any absorption effects have been neglected in
this case. As in the TE case, the system shows a distinct
bistable behavior.

It is worth pointing out that, within the numerical ac-
curacy, the uniaxial approximation U, gives the same re-
sults as the exact calculations while the U approxima-
tion fails completely. It is obvious that bistability occurs
for the TE case for appreciably smaller input cruxes.
Note, on the other hand, that the large transmittance

differences between both states of polarization in some in-
put flux intervals indicate the potential occurrence of op-
tical bistability with respect to the polarization angle.
This interesting phenomenon deserves further investiga-
tions.

B. Periodic multilayer systems
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Periodic multilayer systems have attracted a great deal
of interest due to their unique optical properties. They
show characteristic stop bands the edges of which are
very sensitive to a nonlinear detuning as well known for
TE-polarized fields. ' For our model configuration we
assume a 50-unit-cell multilayer system. Each unit cell
consists of two films labeled by a and b. Only the film b
with the lower linear dielectric coe%cient eb (e, shall be
endowed with a self-focusing Kerr nonlinearity according
to Eqs. (4a) and (20)—(22).

For the sake of orientation, we illustrate the angular
transmittance curves near the stop band in the linear lim-
it, see Figs. 3(a) and 3(b). The band edges are much
steeper in the TE case than in the TM one which will
have serious consequences for the power threshold to get
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FICx. 2. The transmittance of a single nonlinear dielectric film

in dependence on the input flux S,'" for a fixed angle of incidence
'"=63.1 and both states of polarization, 0„,&

&0&OT&R. All
linear and geometrical parameters as in Fig. 1(a), n2, =2X10
m /W. (The nonlinear coeScient n 2 is related to a via
a=eoecnz. ) Solid curve, TE-polarization; dashed-dotted curve,
TM polarization.

FIG. 3. (a) The stop gap in the angular response curve of a
linear periodic multilayer system for TE-polarized fields:
Transmittance vs angle of incidence 0. Parameters: e, =e, =1,
d, =90 nm, db =80 nm, %=50, e, =2.95, eb =2.46; lower gap
edge, 6IT'E=45. 31, upper gap edge: 8TE=64.64'. (b) Same type
of curve as in (a), but for TM-polarized fields, all parameters as
in (a) except the gap position: Lower gap edge: 0+M=48. 71,
upper gap edge: OTM= 58.44'.
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FIG. 4. The response curve of a nonlinear periodic multilayer
—9 2system with a self-focusing nonlinearity (n» =2X10 m /W)

assumed; (Nonlinear counterpart to the linear system underly-
ing Figs. 3). The transmittance is plotted versus the input Aux

S,'" for fixed angle of incidence 0 and both states of polarization
as well as for two uniaxial TM approximations (U, U„see text);
all curves apply to the vicinity of the lower stop gap edge 8" (see
Figs. 3), dotted curve: TE polarization, OTE=45. 3' solid curve:
TMpolarization. ; dashed-dotted curve: U, dashed curve: U„
ATM= 50.0, all other parameters as in Figs. 3.
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FIG. 6. The evolution of both the TE-polarized (2) and the
TM-polarized (5) response curve of Fig. 5 (defocusing nonlinear
periodic multilayer system) for diff'erent angles of incidence 8
near the upper stop gap edge. Dotted curves, TE polarization;
solid curves, TM polarization; 1, OTE=65. 5', 2, 0TE=65.2'; 3,
OTM=59. 0', 4, I9TM=58. 5'; 5, OTM=58. 0. All other parameters
as in Fig. 5.

optical bistability.
The onset of the nonlinearity in the nonlinear films in-

creases the average dielectric coe%cient of the entire sys-
tem accompanied by a reduction of the effective "grating
modulation. " These effects provoke a slight shift of the
stop band towards larger incident angles and a shrinkage
of the gap width accompanied by a steepening and back-
bending of the low-angle edge of the stop band. The
upper-angle stop band edge gets smoother and hence is of
no interest for optical bistability.

In Fig. 4 the transmittance versus incident power
curves are depicted for fixed angles of incidence in .the
proximity of the low-angle band edge. The different
power thresholds to get optical bistability for both states
of polarization are obvious. The uniaxial approximation
U provides a rather good agreement with the exact re-
sults.

If the sign of the nonlinear coefficient changes (de-

focusing nonlinear film components) the situation rev-
erses in that now the high-angle band edge becomes sensi-
tive to backbending while the lower-angle edge becomes
insensitive. The same phenomenon has been reported by
Chen and Mills. Our reasoning follows the same lines
given above but with the tendencies reversed. Figure 5
represents the counterpart to Fig. 4 but with incident an-
gles near the upper band edge. Note the reversed validity
of both uniaxial approximations.

The increase of the power thresholds to get optical bi-
stability in the defocusing case can be understood also in
terms of an effective grating picture where stop band po-
sition and width are determined by the effective average
dielectric coe%cient and the effective grating modulation,
respectively. It turns out that, in our configuration, the
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FIG. 5. The response curve of the same nonlinear periodic
multilayer system as in Fig. 4, but . for incidence angles
OTE=65.2, ATM=58. 0 near the upper stop gap edge 0"' (see

—9Figs. 3) and self-defocusing nonlinear films (n2b = —2X10
m /W) parameters and curve indication as in Fig. 4. Note the
alternating validity of the uniaxial approximations.

FIG. 7. The modification of the response curve displayed in

Fig. 5 (nonlinear periodic multilayer system), due to linear
losses, for a fixed angle of incidence ETYM=58. 0 and TM-
polarized fields near the upper stop gap edge. Curve 1, without
losses (see Fig. 5); curve 2, with losses; Fb =0.01, other parame-
ters as in Fig. 5.



8282 U. TRUTSCHEL, F. LEDERER, AND U. LANGBEIN

lower band edge is more sensitive to nonlinear changes
than the upper one.

A check of the field profiles, related to those parame-
ters where the transmittance approaches unity, revealed
the same solitonlike structures as reported by Chen,
Mills, and Trullinger ' but now for obliquely incident
fields.

In Fig. 6 the effect of different angles of incidence on
the shape of the response curves is sketched for both
states of polarization near the upper band edge. This sys-
tem has a differential-gain-like behavior for small detun-
ings and turns to a bistable behavior for larger detunings.

The effect of linear attenuation processes is displayed
in Fig. 7. It is evident that the bistable behavior occurs
now for larger input Auxes and is less pronounced in
comparison with vanishing absorption. Note that the
effective absorption length was larger than the entire
thickness of the absorbing films. Presumably, the bistable
response cannot survive if the situation is reversed. '

C. Nonlinear Fabry-Perot etalon
with multifilm endface coating
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The mechanism responsible for optical bistability in
nonlinear Fabry-Perot etalons is well understood. A
self-focusing dispersive nonlinearity provided, the
enhancement of the input Aux leads to a shift of the Airy
resonances towards higher angles of incidence accom-
panied by a total peak bending with the same tenden-
cy. '" Hence, the large-angle slopes of the Airy peaks
suffer a backbending intimately connected with optical
bistability. In the defocusing case, the opposite slopes be-
come unstable.

For our model configuration we achieve the necessary
high endface reAectivity of the cavity film by providing
both endfaces with periodic multifilm systems of both
linear and nonlinear characteristic driven in the center of
an appropriate stop band. This is, in some respect, a
combination of both configurations discussed above. Re-
cently, a similar geometry has been studied by Dutta
Gupta et ah. ' in the framework of a matrix approach
that assumes, in contrast to the present study, the slowly
varying envelope approximation for the fields within the
nonlinear film components. It is evident that we also
took advantage of the linear matrix method in calculating
the fields in the linear multifilm system components.

The angular transmittance for both states of polariza-
tion, in the linear limit, is depicted in Figs. 8(a) and 8(b).
The Airy-like resonances of the central Fabry-Perot cavi-
ty emerging within the stop bands of the periodic
multifilm coating can be clearly identified (compare also
Fig. 8 with Fig. 3). Again the TE resonances turn out
much sharper than the TM ones. We admit, however,
that the similar high reAectivity values of our 25-unit-cell
coating can be obtained by a properly designed system of
considerably less unit cells, too.

The transmittance versus input Aux response curves
have been plotted for the angles of incidence according to
the large-angle slope. of an Airy-like resonance 0„, in the
very center of the coating stop band (see Fig.9). It does
not surprise us that the use of a nonlinear multifilm coat-
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FIG. 8. (a) The angular transmittance of a linear Fabry-Perot
cavity coated on both sides with dielectric multilayer mirrors
for TE-polarized fields. Parameters of the central Fabry-Perot
cavity: d=5.775 pm, @=2.46. Parameters of the dielectric mir-
rors: d, =90 nm, db =80 nm, N=25, e, =2.95, eb =2.46,
e, =e, =1, 0 is angle of incidence. The appearance of the Airy
resonances within the stop gap is obvious [compare with Fig.
3(a)]. (b} Same geometry and type of curve as in (a), but for
TM-polarized fields [compare with Fig. 3(b)].
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FIG. 9. The transmittance vs input Aux S,'"—curves of non-

linear Fabry-Perot cavities coated on both sides either with
linear or nonlinear dielectric multilayer mirrors. The angle of
incidence 0 is fixed near an Airy resonance 0"'; both polariza-
tion types are considered. In the linear limit, all coated cavities
coincide with the geometry of Figs. 8. Dotted curves; TE-
polarization; 0TE= 53.4, 6T'E= 52.9'; solid curves, TM polariza-
tion; 0TM=53. 8', OT'M=53. 1', curves 1 and 3, nonlinear coating
{n»=2&10 m /W, n2,:—0); curves 2 and 4, linear coating
(n» —=0, n2, =0); nonlinear cavity, n~=2X10 m /W; all other
parameters as in Fig. 8.
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ing reduces the switching power for both states of polar-
ization considerably (see Fig. 9). When the nonlinearities
in both the central cavilty and the endface coating have
the same sign (both assumed positive in Fig. 9), the non-
linear detuning effects support each other thus lowering
the switching power. This effect should be most pro-
nounced with an Airy resonance in the vicinity of the ap-
propriate stop band edge.

With regard to minimum switching power levels, TE-
polarized fields are clearly preferred. On the other hand,
the large transmittance differences in some input flux
ranges indicate the occurrence of optical bistability with
respect to the polarization angle to be highly likely.

V. SUMMARY

In conclusion, we have developed an algorithm that
permits the calculation of the optical response of non-
linear multilayer systems irradiated by obliquely incident
TM-polarized plane waves. We have demonstrated that
various multilayer systems, illuminated on the appropri-
ate slope of a linear resonance peak, can be driven to-
wards a bistable behavior with respect to the input flux.
For self-focusing nonlinearities, the higher-angle slopes of
the linear resonance peaks become sensitive to backbend-

ing, i.e., optical bistability, and vice versa for defocusing
nonlinearities. Low switching intensities require sharp
linear resonance slopes.

Linear absorption-effects will set fundamental limits in
implementing switching operations. A comparison be-
tween the response behavior with respect to TE- and
TM-polarized fields has revealed a clear advantage of
TE-polarized fields regarding the switching intensities.
This is mainly due to the sharper linear resonances of the
systems under investigation in the TE case.

Our results suggest a bistable response behavior with
respect to the polaiization angle although the explicit
demonstration requires the full inclusion of all three elec-
tric field components which will be left for a forthcoming
publication.

Other challenges for further investigations are the con-
sideration of both electronical as well as molecular reori-
entational nonlinearities which leads to anisotropic, non-
diagonal dielectric tensors. Furthermore, the inclusion of
nonlinear absorption and saturation effects will disclose
the limits set for nonlinear materials in order to get bi-
stable response curves. The demonstration of optical bi-
stability with respect to both the angle of incidence and
the wavelength of the input light implies merely a
straightforward application of our algorithm and has not
been added here.
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