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The recently developed nonlinear complex eikonal approximation, which was previously employed
to study dispersively nonlinear resonators, is applied to absorptively nonlinear resonator configura-
tions. Conditions for obtaining optical bistability in molecular absorbers are derived and the photo-

physical consequences are discussed.

I. INTRODUCTION

Optical bistability is characterized by two different
light transmission states of an optical system for a given
input light intensity."? In order to observe optical bista-
bility, a nonlinear optical medium and an optical feedback
are required. A nonlinear absorbing medium in an optical
resonator was the first configuration for which the ex-
istence of optical bistability was theoretically predicted by
Szoke et al.,? by Seidel,* and by McCall.’

Although difficult to implement experimentally, ab-
sorptive bistability has been a major subject of theoretical
research involving the elucidation of the mechanisms and
the characterization of the relevant microscopic phenome-
na. The main part of this theoretical work, initiated by
Bonifacio and Lugiato,® was carried out for a nonlinear
medium consisting of an ensemble of two-level systems,
thus exhibiting saturation of resonant absorption. In this
context, analysis of the steady-state and temporal behavior
of the stability conditions were carried out,”~° using, for
the most part, the mean-field approximation, which ig-
nores propagation effects. Recent efforts concentrated on
media exhibiting dynamically increasing absorption.!°

In the present paper we analyze the steady-state charac-
teristics of absorptive bistability assuming particular mi-
croscopic models for the optical nonlinearity. In particu-
lar we consider nonlinear molecular absorbers, such as or-
ganic laser dyes. The nonlinearity orginates from unique
intensity dependence of the complex index of refraction,
manifested also in the photoquenching of molecular
fluorescence.!! The main analytical tool is the recently
developed complex nonlinear eikonal approximation.!?—!4

The application of the eikonal approximation has been
demonstrated for dispersively nonlinear media'? and has
been used for the analysis of dispersively coupled configu-
rations.!> The generality of the eikonal model and its sim-
plicity make it applicable to a very large family of
phenomenological nonlinearities, both absorptive'*!® and
dispersive,'>1® and to a very large class of optical configu-
rations.

Some of the questions to be addressed in the present pa-
per are: What molecular parameters give rise to optically
bistable response? How can specific switching patterns be
produced? Can optical bistability, observed in molecular
absorbers, be utilized as a probe in a general photophysi-
cal study?

Optical bistability in an organic dye has already been
observed.!” The present paper deals with many aspects of
similar systems; in particular, the relations between
molecular parameters and the conditions for observing op-
tical bistability are discussed.

II. FORMULATION OF THE COMPLEX
NONLINEAR EIKONAL APPROXIMATION

The nonlinear complex eikonal approximation is a pro-
cedure for the treatment of light propagation in media
characterized by a complex nonlinear refractive index,
(D) =n2(I)+inA(I). As indicated, in general both the
dispersive and the absorptive parts of the refractive index
depend on the local intensity I(x). The eikonal approxi-
mation is expressed in terms of the phase accumulated
upon propagation through a distance x in the medium,

$(x)=(27/Ao) [ n(I(x")dx . m

The local intensity depends on the local accumulated
phase; it also depends, as a consequence of the boundary
conditions, on the phase ¢(L) accumulated along the
medium length L. This procedure results in the integral

equation'? 13
$(x)=2m/) [ nI(x",¢(x"),$))dx" , @
where

d(x)=dp(x)+(i/2)$ 4(x) ,
¢=¢p+(i/2)p=¢(L),

and Aq is the vacuum wavelength. ¢p(x) and ¢ 4(x)
denote the dispersive and absorptive contributions to ¢(x),
respectively. The factor of 5 is introduced to follow com-
mon conventions.

It will be convenient to express the absorptive part of
the refractive index in terms of the absorption coefficient
a(l),

AT =Aoa(I) /47 . (3)

The procedure for obtaining the transmission charac-
teristics I, versus I;, of a particular optical configura-
tion consists of the following steps.'>!3 (a) Specifying the
appropriate form for the nonlinear index of refraction
n(I), and the boundary conditions. The latter, in turn,
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determine the form of I(x,4(x),4(L)). (b) Solving the in-
tegral Eq. (2) for ¢(x) or alternatively using its differential
form

do(x) /I (x,¢(x),$))=(27/Ao)dx ,

which is solved by separation of variables and integration.
(c) Obtaining ¢(L) by imposing self-consistency. (d) Cal-
culating I, versus [;,.

In many situations either the absorptive or the disper-
sive nonlinearity can be ignored. For a purely dispersive
nonlinearity, which was studied in detail in Refs. 12 and
13, the following equation is obtained:

dép(x) /P (x,¢p(x),dp))= 127 /A)dx ,
whereas in the purely absorptive case

d¢A /a(I(x,qu(x),(bA)):dx .

4)

(5)

(6)

III. INTENSITY-DEPENDENT COMPLEX INDEX
OF REFRACTION FOR A MOLECULAR ABSORBER

In this section we utilize the nonlinear complex eikonal
approximation for the analysis of light propagation
through a nonlinear medium consisting of an ensemble of
large organic molecules. This type of molecule has a
promising potential for constructing nonlinear optical ma-
terials'® due to the possibility of obtaining desired param-
eters through organic synthesis. The variety of excitation
routes in these molecules give rise to specific intensity
dependence of the complex nonlinear index of refraction.

We consider here a molecular absorber where both sing-
let S and triplet T electronic-state manifolds are involved.
The relevant levels and rate parameters are depicted in

|
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FIG. 1. Schematic-level diagram for a large molecule show-
ing singlet (S;) and triplet (7;) manifolds, radiative (—) and
nonradiative (wiggly arrow) transitions. Absorption cross sec-
tions are oy;, 7; are the level lifetime, and ksc denotes the inter-
system crossing rate.

Fig. 1. The dynamics of this system can be described us-
ing the rate-equation approximation
dN/dt=0N, ¥

where N is the population vector given by transposed
form
N=(N(S,),N(S;),N(S,),N(T,),N(T,)) , ®)

and the rate constants operator Ois given by

—o I 1/7%, 0 1/7% 0
ool  —[1/7%+kisc+ol, Il 1/75, 0 0
o=| o oS I -1/, 0 0 9)
0 Kisc 0 —(oL I+1/71)  1/71
0 0 0 ol 1 —1/1h

with T',-S-’T the deca
7 ST
rate constant, oif

time of the i level to the j level in the S or T manifolds, respectively, ksc the intersystem crossing
the absorption cross section for the i —j transition in the S or 7 manifolds, respectively, and I the lo-

cal light intensity. All states excited higher than the lower excited state are denoted by n; the ground state is .Sy.
For cw or even for nanosecond pulse excitation, a steady-state solution, dN/dt =0, of Eq. (7) is sufficient,!! yielding

the intensity-dependent populations

kisc+1/7%

5 S S 2
00100101 el

S T ’
001K iscTiol

S T T T y2
001K 157100 10 T 1]

N(I)=[N(Sgy)/(kisc+1/710)]

where the population of S, is given by

N(So)=N /14031701 +kicsTio) /(14 kiscTio) + 001 m0(03, a1 +KiscTio0 tnTa DI X1+ k1scTio) ]

(10)

(11)
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and N is the total molecular concentration.

The origin of the optical nonlinearity in these molecules
is the intensity-dependent population. Each level is
characterized by an absorption cross section and by an in-
dex of refraction which are functions of the excitation
wavelength i.e., their specific electronic spectra. The
change in these parameters between different levels is due
mainly to contribution of specific resonances from the
particular level. The nonlinear complex index of refrac-
tion for such a molecular absorber can be written as the
scalar product

n(I)=NU)-n'+i(Ay/47)NU)-0 , (12)

where the molecular contribution for real part of the re-
fractive index (dispersive contribution) 7' =75?/N is given
by

77'=(77:90,77§1,77's,,,77lrl»’7'7n) . (13)
The absorption cross sections [absorptive contribution to
7n(I)] are given by

5 =(00),07,,0,01,,0) (14)

assuming negligible for levels n > 1. Using Egs. (10) and
(14) the absorption coefficient can be obtained from Eq.
(12).

N(I)-o=a(l)=ay1+BI)/(1+CI +DI?), (15)

where the various coefficients in Eq. (15) are defined in
Table I for various excitation routes.

The real part of the refractive index is obtained as a
weighted sum of the indices of S, S,, and T, assuming
that S, and T, are not significantly populated. This
latter condition is valid in all but one case discussed in the

present paper. Thus the real part of 5(I) is
nP=(4'+B'I)/(1+CI+DI?) , (16)

where 4’ and B’ are given in Table I for various excita-
tion routes.
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FIG. 2. The ring resonator.

IV. OPTICAL BISTABILITY IN MOLECULAR MEDIA

A. Optical bistability due to simple absorption saturation

When only S is excited (af,, and olT,, are smaller com-
pared to 03;) and intersystem crossing to T is efficient,
the absorption saturates due to population trapping in the
triplet manifold. The absorption coefficient and the index
of refraction, for this case, are given by

a(l)=ay/(1+CI) ,
7P(I)=(A"+B'I)/(1+CI) .

(17)
(18)

The parameter C is associated with the saturation intensi-
ty, Is=1/C, for which a(l)=ay/2.

We now consider incorporating the saturable absorber
in a ring resonator (RR), Fig. 2. The differential form of
the eikonal equation for coherent light propagation in a
RR containing such a molecular system is

dé 4(x)={ao/[1+CI(x)]}dx , (19)
dép(x)={(2m/A[A’'+B'I(x)]/[1+CI(x)]}d'x ,
(20)

where!?

TABLE I. Definition of rate parameters utilized in obtaining the intensity-dependent complex index of refraction (1) [Eq. (15)] for

the various excitation routes depicted in Fig. 1.

Excitation route

Full scheme

Sn
1 Route 1 Route II* Route III*
nr nr nr nr
Parameter So—>S]—)T1~>T,, So—>S,—>T| So—>S|—>T1—>Tn So——>Sl—>T|—>T:
Qo Noj, Nog, Noy, Nog,
B® (otn +kiscTiora1) /ky 0 B, B,
:o.fn /kl +Bl
(& Uglffo(l+kISC717£))/k1=Cl C, C, C
D TN T a1+ KiscTioo InTa )/ K 0 0 D,
=D, +D,
A’ N 1730 N ngo N 77:90 not discussed
B’ NangfO[n:Sl+77’leISC717;)]/k] B) B not discussed
=B\ +B;

2T, denotes population trapping at T, via a particular mechanism.

k=1 +klsc’f'1so-
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I(x)=I;,K(¢ 4,0p)exp[ —¢ 4(x)] (21)
and
K=(1—R)/no[1—2R exp(—¢ 4 /2)cosdp
+RZ%xp(—¢ )], (22)

where 17, is the intensity-independent part of 72(I).
Equations (19) and (20) can be rearranged to yield the in-
tegrable forms

déa(x){1+CI[$4(x)]} =adx ,
dép(x)=2m/Aoao)[ A’ +B'I(¢ 4(x))]d 4(x) .
(23b)

(23a)

Two cases will be discussed.

1. Optical bistability due to nonlinear absorption coefficient

Assuming that n?ozn%, the real part of the refractive

index is intensity independent and thus only the absorp-
tion coefficient is nonlinear.’® For this case the solution
of Eq. (23) is 115

dr=aoL +1;,CK(d 4 )exp(—d 4 )—1]1=F(d,) . (24)

A similar expression, for this particular case, has been
obtained?*~23 using different, less general, methods. A
graphical solution of Eq. (24) shows that for a given range
of absorber parameters one obtains three solutions for the
imaginary phase ¢ 4 for a given input density I;,, i.e., ob-
servation of optical bistability.'® So far'>'> we have dis-
cussed switching in a RR containing a saturable absorber
mainly by changing either I;, or the absorbing medium

oe® = 21

F (‘l’A)

s
To1 T

ba
FIG. 3. Solutions for the self-consistent phase for a molecu-
lar saturable absorber incorporated in a ringe resonator, for dif-
ferent values of absorption coefficients. The inset is an enlarge-
ment of the lower left corner.

oses} Iin=1
R=09

lout

0.33r

L n

4 12 20
Nog,

FIG. 4. Output characteristic as a function of the absorption
coefficient (in cm~!) for the molecular saturable absorber of Fig.
3.

length agL. Here we discuss schemes in which the resona-
tor is switched by a change in the excitation wavelength.
This is facilitated by the particular spectral response of a
and C which are proportional to ¢3;, the absorption cross
section of the Sy— S transition.

In fact, switching by o3, variations actually involves a
combination of ayL and I;, (normalized to Ig) switching.
The solutions of Eq. (24) for various values of o3, (param-
eters C and () are shown in Fig. 3. The corresponding
switching pattern is shown in Fig. 4 in terms of the out-
put intensity of a dispersively matched RR as a function
of 03;. The effect of a frequency scan across a
Lorentzian-shaped molecular absorption band on the out-
put intensity of the bistable device is shown in Fig. 5.

The threshold conditions for obtaining optical bistabili-
ty are derived from the requirement that dF(¢ 4)/9¢ 4 =1
for the self-consistent phase.!* Applying this condition to
a matched RR yields the following switching thresholds:

Lnin=8(R)/Noy, , (25a)
Iip(min)=g(R)[ 14 kiscTi0/0870( 1 +K1scTio)]
(25b)

where g(R) and q(R) are functions of the mirror reflec-
tivities of the RR:

g(R)=—2Inp(R)
—[pAR)—1][1—Rp(R)]/[Rp(R)—pXK)],
(26a)
g(R)=no[1—Rp(R)]*/{(1—R)[Rp(R)—p*R)1} ,
(26b)

and
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FIG. 5. Optical response of a ring cavity containing a molec-
ular saturable absorber to wup-frequency scan across the

Lorentzian line shape. The switching frequency thresholds are
blue shifted for down-frequency scan.

p(R)=[R?*—1+(R*—R>+1)'*]/R . (26¢)
The thsreshold condition in terms of the spectral proper-

ties of o3, is obtained from the 1/0%, dependence of both
L ., and I;;(min).
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FIG. 6. Solution for the self-consistent phase for a molecular absorber exhibiting coupling between nonlinear absorption and non-
linear dispersion. The dashed line is the solution for the particular case of pure absorber. Solutions for two input intensities are
displayed.
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2. Coupling between nonlinear absorption coefficient
and nonlinear index of refraction

In cases where 72 o#nl}l the real part of the refractive

index becomes nonlinear, thus requiring solving of the full
eikonal equation (23). Integration of Eq. (23a) yields an

equation identical to Eq. (24) with K(¢,) replaced by
K(¢4,¢p). For the dispersion part we obtain

ép=02m/Ao){A'd 4 —B'L;,K(d 4,¢p)[exp(—¢,)—1]} .

27
Equations (24) and (27) can be combined into a single
transcendental equation for ¢ 4:

¢4=aoLl +1inCK(¢4,¢p)[exp(—¢,4)—1]=Gld,) ,

(28)
where

ép=(2mLB’' /AC)[1+6 4(4'C/B'—1))/a,L .

(29)
Graphical solutions of Eq. (28) are shown in Fig. 6. Cou-

pling between the real index of refraction and the absorp-
tion coefficient results in changes in the spatial modula-
tion of the medium and in the creation of different
characteristics of the output intensity, such as optical
multistable response. Rewriting Eq. (28) in terms of the

explicit molecular parameters we obtain, for the generally
achieved limit of 1/kgc71y << 1, that

¢p=27L /Ao {07, +[(ns,—17,)/acL1d,} .  (30)

The real phase ¢p is thus a linear function of the imagi-

10



2180

nary phase ¢ 4. Therefore, we would expect to obtain op-
tical multistability, for small differences between the in-
dices of refraction of the two levels involved, only at the
high absorbance branch (large ¢ 4). This is exemplified in
Fig. 7.

It is interesting to note that the number of multistable
loops is  finite since it is bounded by
(L /ko)(ngo—n?l)+1. The pure absorptive nonlinearity

contributes the one last loop [Figs. 6(b) and 7(c)] at high
intensities. The output characteristics of the pure non-
linear absorption provides an envelope for the dispersion
loops. This is a general result typical of coupling between
nonlinear absorption and nonlinear dispersion.!> For such
a coupling an additional threshold, due to the nonlinear
index of refraction, for obtaining optical multistability ex-
ists. This threshold is in fact the requirement that the
nonlinear real phase shift is at least 27 (for a matched
resonator), i.e.,

$4(27L /Ao)(m5, —m7,) /gL Ao > 21 . (31

Since the maximum value of ¢, for which self-
consistency is maintained is agL (limit of low intensities),
the condition of Eq. (31) is reduced to

N5y — M7, > ho/L . (32)

A very small refractive index difference (1072 in Fig. 6) is
thus required.

B. Propagation through a medium with a significant
T,— T, absorption

In this section we discuss cases in which o7, is large at
the excitation wavelength. Due to fast radiationless tran-
sition T, is almost not populated (route II of Table I) and
the components of the complex index of refraction be-
come

a(l)=ay(14+BI)/(1+CI), (33a)

7P(I)=(A'+B'I)/(1+CI) . (33b)

The eikonal equation [Eq. (4)] for an RR containing this
medium becomes

dé 4(x)[1+CI(x)]/[1+BI(x)]=audx , (34a)
dép(x)={(2m/Aoato)[ A’ +B'I(x)]/[1+BI(x)]}
Xde 4(x), (34b)

where I(x) is given by Eq. (21). Two cases are discussed.

1. Nonlinearity of only the absorption coefficient

For ngozn?l the nonlinearity is associated only with
the absorption coefficient. When B/C<1, ie,
o >0l /(1+ 1/kyscThy), a(I) decreases as a function of I
and the medium can be described as a saturable absorber
with a background of a linear absorption:

a(l)=ayB/C+ag(1—B/C)/(1+CI) . (35)
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The imaginary phase (the absorbance) for this case ob-
tained by solving the eikonal equation is

$4=aol +[(C—B)/B]

XIn{[1+BI;,K exp(—¢4)]1/(1+BI;,K)} .
(36)

Solution of Eq. (36) yields bistability for a certain range of
molecular parameters. The threshold intensity for bista-
bility increases with increasing ratio of excited-state
(Bxol,) to ground-state (ag) absorption coefficients.
This is due to increase of the background absorption,
which reduces the effective intraresonator intensity. Fig-
ure 8 shows optical bistability for different o}, values.

For B>C, ie., o1, > 0%, the absorption coefficient in-
creases as a function of I. The same solution [Eq. (36)] is
obtained for ¢, (except that here C—B <0). This solu-
tion does not yield bistability for any choice of molecular
parmeters.

The physical reason for this observation is that feed-
back in the resonantor enhances branches of high energy
content. Here, however, the absorption coefficient in-
creases with intensity without reaching saturation; thus
the intracavity feedback intensity is reduced and the feed-
back loop breaks down.

For B =C the absorption remains linear and no bistable
response can be obtained.

2
O /%10
R=0.9
QL=48
Ig= 176
s
2L
o1 /53, =0.01

Oy /05=0.033

2 3
Lin
FIG. 8. I, vs I;, curve for a molecular absorber excited at

nr
the So—S,— T, — T, route, for various alr,,/crgl values, show-
ing the disappearance of optical bistability for increasing oly,.

2. Nonlinearity in both a and n°

In cases where 77?07&171}1 the real part of the refractive
index becomes intensity dependent and the full eikonal
equation [Eq. (34)] must be solved. The solution of ¢ 4 is
still given by Eq. (36) and the solution for the real phase is

bp=(2mA4" /Aao)d4+[(AB—B')/A'BlIn{[1+BI,,K exp(—¢ 4)1/(1—BI;,k)}) . 37)

For 03 —o71,5£0, ¢, is an explicit function of ¢ 4:
$p =[2m/Aocto(00;—01,)]
X [(n7,001—n8,0 1w )aoL +(n5, — 17 Jo516.4] -
(38)

As in previous cases the dependence of ¢, on ¢ is linear
and as a result similar phenomena are expected. However,
the particular dependence on both agl —017;, and ﬂ?o—ﬂlr)l

enables more flexibility in the choice and design of control
parameters.

C. Optical bistability due to double saturation

For high enough intensities such that the rate constant
00101, 1?> for the consecutive two-photon process
nr nr

So—S1—T;—T, (where — represents a nonradiative
transition), is larger than the radiationless decay rate of
T,, 1/71,, the T;—T, transition can be saturated. This
will usually require extremely high intensities. However,
trapping of the population at T, for example due to reac-
tion of T, to yield a long-lived isomer product P, will re-

sult in much lower saturation intensities. The excitation
route needed is

nr

nr nr
So—S$1—T1—T,—P—>S,,

which describes some kind of photochromism equilibri-

um.
nr

In this case double saturation of both Sy—S;— T'; and
T,—T, transitions is reached. The complex index of re-
fraction is given by Egs. (15) and (16) where the molecular
parameters are given in routes III of Table I. The lifetime
7T, is an effective, longer lifetimenrwhich takes rlirnto ac-

count the competition between T,—T, and T, —P pro-
cesses which favors the formation of a long-lived P thus
increasing the effective T, lifetime.

We consider here only the imaginary component of the
refractive index, i.e., the absorption coefficient. The
eikonal equation for this type of medium in a RR is

dé 4(x)=ao{[14+BI(x)]/[14CI(x)+DI*x)]}dx ,
(39)
where I(x) is given by Eq. (21). By integration of Eq. (39)
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FIG. 9. Graphical solution of Eq. (40) for a reverse saturable
absorber, excited by a coherent light source, incorporated in a
ring resonator. @, reverse saturation branch; dashed circle, un-
stable solution; O, saturated absorption branch.

we obtain
¢4=aoL +(D/B)I;,K[exp(—¢,4)—1]
—(14+D/B*—C/B)
XIn{[1+BI;,K exp(—¢ 4)]/(1+BI,K)}
=F(d,) . (40)

For B < C, a(I) decreases monotonically as a function of
I. Thus, as discussed above, optical bistability is obtained
for this type of nonlinearity. Moreover, for large enough

2.—
1.5+
3
<tk
0.5+ \
N
\\\
\S\\
o 1
2 25 3 235
th Ith
Lin

FIG. 10. Optical bistability obtained for the reverse saturable
absorber of Fig. 9.
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D, excitation by an incoherent source results in an optical
bistable response in contrast to the other types of molecu-
lar nonlinearities discussed above. The difference lies in
the inclusion of a quadratic term in a(I) which facilitates
reaching self-saturation of the medium even for the low
91 /3¢ 4 value typical of incoherent excitation. For the in-
coherent light excitation Eq. (40) still gives the solution
forlg}g imaginary phase with a different K defined by
K',”>

K'=(1—R)/no[1—R%xp(—¢,)], (41)

which can be obtained by assuming self-consistency for
the intensities'> or by integrating Eq. (22) over ¢, for an
input spectral profile much broader than the cavity
linewidth. For B > C, a(I) reaches a maximum for inter-
mediate intensity values and saturates for I — o. Optical
bistability is obtained for this type of a(I) (Figs. 9 and 10)
in contrast to the simple monotonically increasing a([l)
discussed in Sec. IVB. Similar features are observed for
incoherent excitation requiring a larger D than that need-
ed for coherent excitation.

V. CONCLUSIONS

We have demonstrated the applicability of molecular
systems for obtaining optical bistability. Although our
discussion was limited to ring resonators, the main
features are maintained in other configurations such as
the Fabry-Perot resonator.!>!*

The main advantages in utilizing molecular systems as
media for bistable optical devices lie in the variety of
molecular nonlinear parameters that are involved in in-
ducing optical bistability. Different switching patterns
can be obtained, depending on the particular switching pa-
rameter, i.e., switching by intensity variation, absorption
coefficient scan (spectral scan), medium length, etc.

Molecular systems provide the first nonlinear absorp-
tive practical media for observing optical bistability by in-
coherent light excitation. Since the optical bistability
characteristics depend strongly on the particular molecu-
lar parameters, the observed phenomena can be utilized as
a novel means for photophysical studies. For example,
low excited-state absorption coefficients can be measured
by following the variation in the bistable loop size (the
difference between up and down switching thresholds,
Fig. 8). Frequency scan of a molecular bistable device
may be utilized as a sharp-edge interference filter of very
low transmittance (Fig. 5). Information on index of re-
fraction associated with a particular molecular level can
be obtained from optical bistability studies (Fig. 7).
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