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An extended theoretical discussion of a novel general method of obtaining optical bistability is given. The method
uses absorption that increases as the material becomes more excited and requires no mirrors or other external feed-
back. Criteria for bistability and differential gain are derived for a simple case, and specific illustrative analytic
results are given. Limiting relations are derived for the switching powers and the width of the bistable region. It
is shown that this general class of bistability encompasses at least six previous independent and unrelated investi-
gations of mirrorless bistability in specific physical systems. The common general requirements for this bistability

are discussed together with its attributes.

1. INTRODUCTION
Optical bistability (OB) and the associated switching and
differential gain are phenomena that can be obtained in a
variety of ways. Several of these ways have been categorized!;
it is usual for bistability to arise from the combination of a
microscopic nonlinearity (such as intensity-dependent re-
fractive index) and a macroscopic feedback (such as mirrors
and cavities). However, as has recently been pointed out,2
there have been several independent discussions3-6 of OB in
specific physical systems without mirrors or other external
or macroscopic feedback that all appear to belong to a further,
separate class of OB.2 Indeed, there have been several more
independent discussions that I now believe also belong to this
class.”-? Extensions of some of these discussions are now
availablel®11 as is a discussion of a related general class.!2
Recently, with the invention of the self-electro-optic effect
device (SEED), a hybrid version of the same bistability has
been demonstrated.!® The principal unifying characteristic
of this class is that the positive-feedback mechanism that leads
to OB is internal to the material and results from optical ab-
sorption that increases as the material becomes more excited;
the resulting increase in absorption makes the material yet
more excited, giving yet more absorption, and so on. Con-
sequently, this phenomenon has been called OB due to in-
creasing absorption.? The inverting logic operation and the
absence of mirrors or of resonant cavities make this class of
OB particularly interesting from a practical standpoint.
The historical development of this class appears to be as
follows: Kaplan® analyzed theoretically the behavior of a
relativistic electron gas under optical illumination and de-
duced optically bistable behavior, although the extension of
a new general principle was not made and the feedback
mechanism resulting from increasing absorption was not ex-
plicitly recognized. Independently, Hajto and Janossy,?* in
investigations of optical effects in amorphous GeSes, observed
several hysteretic and switching effects that were a result of
a variety of mechanisms in this material. However, they
identified a thermal mechanism for OB that was in qualitative
agreement with some of their results, and they provided a
simple model identifying the increasing-absorption mecha-

nism. Again independently, Rossmann et al.” observed a
hysteresis phenomenon in CdS platelets that they tentatively
ascribed to an increasing absorptive-feedback mechanism.
Further research reinforced this interpretation,!® indepen-
dently deriving a model similar to that in Ref. 4. Almost si-
multaneously with the research by Rossmann et al., Bohnert
et al.® independently observed a qualitatively similar hys-
teresis effect in CdS that they also independently ascribed to
OB resulting from increasing absorption; this was followed by
further analysis!! (the connection with Ref. 7 was then noted).
In yet another independent discussion, Hopf et al.,% in con-
sidering theoretically the effect of local field corrections on
the behavior of a dense collection of two-level systems, found
a possible mirrorless bistability. Then Miller et al.? pointed
out that many of these previous discussions3-6 seemed to be
concerned with the same basic mechanism and discussed some
of the general features of the class. In their paper,? they also
presented a thermal-bistability experiment designed to test

.the mechanism, with other bistability mechanisms specifically

excludable, and showed clear quantitative agreement between
experiment and theory. This was followed by a hybrid
demonstration of the same class of bistability in the SEED13
with good agreement between theory and experiment. In
other recent work, Dagenais® also independently discovered
thermal bistability resulting from increasing absorption in
CdS; Tooley and Seaton?® observed bistability in InSb that is
likely also to be thermal bistability resulting from increasing
absorption, and Goldstone and Garmire!? analyzed mirrorless
refractive bistability considering also a general formalism in
which their refractive bistability and the present absorptive
bistability were special cases. This bistability mechanism has
therefore apparently been described independently at least
six times. Ironically, the reason for this may be the univer-
sality of the mechanism; for the most part, the descriptions
have been in response to considerations of particular and
apparently exceptional physical systems, so that the univer-
sality was unrecognized or at least unpublished.

The purpose of this paper is threefold. First, since nearly
all the discussions of this OB have been independent, with
most researchers unaware of the connection with other dis-
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cussions, it is important to show the connection and the uni-
versality of the mechanism; in many cases, the connections
are not obvious, and the previous discussion was necessarily
too brief to explain any of these connections in sufficient de-
tail. Second, given the universality of the mechanism, it is
important to establish what the necessary physical attributes
of the material are (insofar as it is possible to prescribe these
in the general case) and what the general characteristics of the
bistable and differential-gain behavior are. Third, with the
possibility of practical devices, it is important to understand
the origins and the limits of the amplifying and the switching
behavior. In this paper, we attempt to address all three of
these issues and draw some conclusions in each case.

In Section 2 of this paper, the general theory of this bista-
bility is described, and general relations for the existence of
bistability and differential gain are derived. In Section 3, I
give detailed exemplary results for a simple, analytically
solvable example, and, in Section 4, I derive various simple
limiting relations for switching powers and the width of the
bistable region. In Section 5, the various other discussions
of this class of bistability?-13 are compared to show the con-
nections and to identify the common features. Finally, in
Section 6, I draw general conclusions from this research.

2. GENERAL FORMALISM

Suppose that we have a.material whose absorption A increases
as it becomes excited. We presume for the present analysis
that the degree to which the material is excited can be ade-
quately described by one parameter N; this is, of course, a
simplification of any real physical situation, although it is a
good approximation in many of the situations discussed. In
the various systems discussed, N takes many different forms,
such as temperature rise, 2489 excited population den-
sity,5-7-10.11 and voltage change,!3 and I will discuss this point
more fully in Section 5. For the moment, we use the most
general form and simply express A as a function of N:

A=AWN). (1)

Now we assume that the degree of excitation depends in the
steady state proportionately on the rate of absorption of en-
ergy. If a power P;, is incident upon the medium, we have

N = T]APin. (2)

Here, 7 is a proportionality constant. Note that we are as-
suming that all the absorption A contributes to exciting the
medium and that the degree of excitation is directly propor-
tional to the absorbed power. Neither of these is a necessary

restriction: The current theory could readily be extended to -

account for background absorption that does not contribute
to N and for other functional relations between N and ab-
sorbed power by appropriately altering Eq. (2). Such so-
phistications will not, however, be treated in this paper. Also,
in this paper I treat only the steady-state solutions and do not
discuss transient effects or stability; the stability of states in
the bistable region has been checked experimentally,? and
critical slowing down has also been seen.?

The general solution for A as a function of Py, is simple: If
A is known as a function of N [Eq. (1)], solve Egs. (1) and (2)
simultaneously to eliminate N. This is a simple generaliza-
tion of the model of Hajto and Janossy.* This model is readily
visualized graphically. It is more useful and easier to compare
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Fig. 1. Graphical solution of OB resulting from a hypothetical ab-
sorption increasing with increasing excitation. (a) The dashed line
isT=1— A(N)[Eq. (1)]. Lines A-D correspond to increasing power
in Eq. (2). Lines A and D intersect only once with the curve, indi-
cating only one solution for these powers. Lines B and C, each
showing two intersections, represent the critical powers for the switch
to low transmission and the switch to high transmission. Any lines
between B and C would show three intersections as required for OB.
(b) Pout, the transmitted power, is plotted against Pi,, the incident
power, using the solution method from (a). «, n = 1 for simplicity.

with other types of bistability if we use transmission 7" =
k(1 — A) rather than absorption; « is a constant allowing for
all nonabsorptive losses (e.g., reflection and scattering).
Because it does not affect the form of the solutions, we set
= 1 for convenience in the rest of this paper. Output power
Poyt is Poyt = TPy,. Figure 1 shows the graphical-solution
method for a hypothetical A(N). The transmission is de-
duced from the intersection points of the straight lines [from
Eq. (2)] with the curve [from Eq. (1)]. Triple intersections
of a line with the curve imply a bistable region at the power
associated with this line.

The reason for the existence of bistability and/or differ-
ential gain can be explained through the following regenera-
tive mechanism. Increasing power Pj, results in increasing
N [through Eq. (2)]. Increasing N gives increasing A [through
Eq. (1)], which results in a further increase N [through Eq.
(2)]. This process clearly feeds on itself (i.e., it is regenerative)
and can result in enhancement of absorption changes (leading
to differential gain) or in switching (giving bistability). The
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general conditions for differential gain and bistability are
derived below.

Note that A must depend on N and not merely on Pjy;
otherwise the regenerative loop is broken. This means that
no conventional optical nonlinearity that can be rigorously
expanded in a power series of electric field (in which the
coefficients are the susceptibilities x (™) can give rise to these
effects, unless at least one x(™) depends on the real state of
excitation of the medium, N.14 In the situations analyzed in
this paper, we assume that the imaginary part of x) depends
on N. Thus, for example, the nonlinearity associated with
two-photon absorption could not cause this kind of bistability
unless the two-photon absorption coefficient also depended
on N. Such asituation could be handled by generalizing the
present theory to allow for A = A(N, Pi,). Nonlinearities in
which the optical response depends on the real state of exci-
tation rather than directly on the electric field are sometimes
called dynamic,'® and it is crucial that the nonlinearity be
dynamic for this bistability. Another way of describing such
optical nonlinearities would be to call them indirect, as the
optical response does not depend directly on the electric
field.

A. Condition for Amplifying Differential Gain
The differential gain is

dPout d
N — [P (1 - A)]. 3
dP;, dPi [Pin ) ©)
Now we have the identity
dA dA /dPj,

dP,, dN/ dN
Therefore, using Eq. (2) to obtain a sustitution for dP;,/dN,
we obtain

dA A2
= @
dPin A N
dA/AN
By using Eq. (4) we therefore obtain from Eq. (3)
dPoy NA
Mo (1-4) - ————. (5)
dPin A N
dA/dN

Note that this is independent of . The condition for am-
plifying inverted differential gain is dPou/dP;, < —1. After
rearrangement this condition becomes

dA _AQ@=-4)
dN 2

This differential inequality can be solved to give the equiva-
lent condition for amplifying inverted differential gain:

Ay > P )

1+ 20 (l - 1)
N2 Al

for some AI = A(Nl), Az = A(NQ), with N2 > N1 and A2 > Al.
This condition means that if there is a range of N from N to
Ny for which this condition is satisfied, then there will be
differential gain overall in this region.

Although it is difficult to give a simple interpretation to
condition (6) or (7), the requirement on A(N) is sublinear in

N (6)
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N, i.e., A proportional to N will give infinite differential gain,
so the requirement for finite differential gain is A less than
proportional to N.

One other simple analytic A(N) is worth mentioning here
if only because it is ultimately uninteresting, namely,

A(N) =1 — exp[-(yN + B)], 8)

where B and 7 are positive constants. This represents an
absorption coefficient (as distinct from the total fractional
absorption A) that increases linearly with N. Since an ab-
sorption A « N shows infinite differential gain at the critical
power, it might be thought that this related nonlinearity (A
o« N asymptotically for B = 0) might also show at least dif-
ferential gain. In fact, it does not, as can be verified by sub-
stitution in relation (6). Even for B = 0, the maximum
(negative) differential gain is —1.16 Thus, in a system in which
the absorption coefficient depends on N, a necessary condition
even for amplifying differential gain is that the absorption
coefficient be more than proportional to N.

B. Condition for Bistability

It is clear from the graphical visualization that the borderline
condition for multiple intersections of straight line and a curve
is that in which the straight line is tangent to the curve. If the
curve is any steeper, multiple intersections must result. We
can write this condition as

a4

dN N
This differential inequality is readily solved to give the
equivalent condition

9)

AZ >——A1, (10)

where A; > A, and Ny > Ni. That is, if there is a region from
Nj to Ns for which this condition is satisfied, then there will
be bistability in this region. This condition has a simple in-
terpretation: For bistability, A must be more than linearly
proportional to N over some region of N.

The borderline condition can also be derived from the ex-
pression for differential gain [Eq. (5)]. If A « N, the differ-
ential gain becomes infinite as expected for the onset of
switching action.

3. ANALYTIC EXAMPLE

To illustrate the theory in a relatively clear way, we must
choose a form for A(INV) that is not unphysical and yet is simple
enough to be analytically solvable. We choose

B
1+ (oN — )2

where 3, p, and o are constants with0 < § < 1sothat 0 < A
< 1. This corresponds to a Lorentzian absorption profile that
shifts with increasing excitation N. p is a proportionality
constant, and o represents the original detuning of the oper-
ating point from line center. In the limit of small 3and N =
0, this is the actual absorption that would be seen for a classical
Lorentzian line. This is not meant to model any particular
situation exactly, although it can, in practice, model the ex-
periment in Ref. 2 and probably also that of Ref. 8 fairly well.

A(N) (11)






