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Dynamical transient response and longitudinal spatial evolution of the first-order phase transition
are presented for intrinsic optical bistability of a system of interacting spatially distributed,
coherently driven two-level atoms. It is shown that a discontinuity in the nonlinear dielectric func-
tion is established internal to the medium due to transient response to a coherent, externally ap-
plied, time-dependent driving field, following the attainment of a critical value for the input intensi-
ty. If the externally applied field intensity reaches the steady state, beyond the critical value, the
discontinuity of the nonlinear dielectric function in the medium reaches a stable stationary condi-
tion and forms a spatial boundary between states of high and low polarization in the medium. Thus
it is shown that intrinsic optical bistability corresponds to a spatial as well as a temporal first-order
phase transition in light-matter interactions, far from thermodynamic equilibrium, where the spatial
boundary between different phases is established by transient dynamical response to the incident

field.

I. INTRODUCTION

Intrinsic optical bistability! (IOB) is optical bistability?
that does not depend upon optical or hybrid feedback.
Experimental studies of IOB have been reported for a
number of systems.>* The origin of the different mecha-
nisms has been interpreted as due to either thermal®® or
many-body interactions*® of carriers in semiconductors.
The universal characteristic for IOB in these systems is
the existence of an intensity-dependent renormalization
of the low-field intensity resonance, or gap frequency.

Since IOB is a genuine example of a first-order phase
transition in a system of interacting light and matter, at-
tention has been focused recently upon the theoretical
analysis and interpretation of several fundamental proto-
type models.” The characterization of IOB for a system
composed of a collection of laser field-driven nonlinear
oscillators has been formulated.® Recently, this system
has been analyzed in further detail in terms of longitudi-
nal and transverse spatial effects and four-wave mixing.’
Another model that has been analyzed in detail is that of
an externally driven collection of spatially distributed, in-
teracting, two-level atoms.'® In the case of each model,
under steady-state conditions, the existence and charac-
teristics of a sharp discontinuity, in the propagation
direction, of the nonlinear dielectric function in the ma-
terial has been discussed.®!! The sharp boundary associ-
ated with the dielectric function is established in the
medium for values of the externally applied field intensity
which exceed the local IOB threshold at the input to the
nonlinear material. It has been shown that the appear-
ance of the discontinuity in the dielectric function can
give rise to a significant backward propagating field am-
plitude, which together with the forward propagating
field and the introduction of an incident probe field, re-
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sults in four-wave mixing and phase-conjugate
reflectivity.’ Thus the phase-conjugate signal could be
used to study the internal switching characteristics of the
system.

The discontinuity in the nonlinear dielectric function
in the direction of the propagation forms a spatial bound-
ary between the regions of high- and low-polarization
states of the material, and is unique to IOB [this
phenomenon does not occur in systems that require opti-
cal feedback in a cavity to cause optical bistability (OB).]
Indeed, the boundary spatially demarcates two regions in
the material corresponding to the two separate phases of
the first-order phase transition which coexist at the
boundary, and thus characterizes IOB as a spatial, as well
as temporal, first-order phase transition.

It is important to study the time dependence of the
switching process and the dynamical buildup of the spa-
tially dependent polarization and/or excitation in the
nonlinear medium, which results in the spatial discon-
tinuity in the dielectric function in the steady state dis-
cussed previously.’”'' The purpose of this paper is to
present an analysis and interpretation of the spatial and
dynamical transient and temporal evolution to the steady
state of the system of interacting, two-level atoms'®!!
upon switching in IOB.

In Sec. II, we present the modified Bloch-Maxwell
equations derived previously, %! and discuss the associ-
ated conditions for IOB. Also, we introduce the scaling
procedure which is used to facilitate the spatial and tem-
poral numerical integration, the results of which are
presented and discussed in Sec. V. The slowly varying
envelope approximation (SVEA) is discussed in relation
to the modified Bloch-Maxwell equations in Sec. III and,
in Sec. IV, its degree of validity in the treatment present-
ed here is discussed in relation to the second-order
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Maxwell wave equation in the steady state. The dynam-
ics of the spatially dependent switching process is
presented in Sec. V in the SVEA. The final section is
used for a summary of results and conclusions.

II. TIME-DEPENDENT EQUATIONS
FOR A TWO-LEVEL SYSTEM

We consider here a system composed of spatially ex-
tended, interacting, two-level atoms driven by an exter-
nally applied electromagnetic field at a frequency w. We
neglect here any transverse effects. The equations of
motion derived earlier by Ben-Aryeh et al.! are given by

d<‘22> =—7L(1+(az))+%(E*<o+)+E(0_)),
(1)
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In Egs. (1)-(4), {o,) is the average atomic inversion
per unit volume, (o, ) is the average complex atomic
polarization per unit volume, and E is the positive fre-
quency part of the temporally slowly varying envelope of
the electric field [the slowly varying envelope approxima-
tion in time has already been used in deriving Egs.
(1)-(4)]. The parameter p in Egs. (1) and (2) is the abso-
lute value of the transition dipole moment matrix element
of each identical atom in the system. o is the frequency
of the incident field and » is the number density of atoms.
The rates y; and y; are the inverses of the population
relaxation time 7', and the dipole relaxation time T, re-
spectively. The detuning parameter A is given by
(w0 —wq) and is the deviation of the applied field frequen-
cy from the atomic resonance frequency o, The quanti-
ty € in Egs. (1)=(3) is the frequency renormalization con-
stant caused by near dipole-dipole interaction in a dense
medium' given by

3
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where 3 is the spontaneous decay rate which has the
value
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In a fully quantum-mechanical model y; and y; are
given in terms of 3 by

Yr=3B. (7)

The usual Maxwell-Bloch equations for gases or tenuous
media are recovered by setting the constant € to zero.
Before we begin our analysis it is useful and instructive
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to recast Egs. (1)-(4) in dimensionless form by introduc-
ing the following set of scaled variables and parameters:
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In terms of these new quantities, Eqs. (1)-(4) can be
rewritten as

aw
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The quantity kK can be thought of as an effective wave
number and it depends on the density and the resonance
wavelength via the parameter nA}. Equations (9)—(12)
are the starting point for the analysis to be presented in
the remainder of this paper.

Under steady-state conditions we obtain the following
equations for the polarization, inversion, and the field
variables (obtained by setting all time derivatives equal to
zero),

=—1F s (13)
bs Py r—i(A—ew,)
(1+w)[7 5+ (A—&w)]=—Tw, 7 , (14)
d’E, .,

> +q%2)E;=0, (15)
dz
qXz)=k *—ikw[7r—i(A—&w,)] " . (16)

In Egs. (13)—(16) we have labeled all steady-state values
by the subscript s. We note that the field equation is non-
linear since ¢g* depends on w which in turn is coupled to p
and E. We will return to a discussion of the steady state
in Sec. IV.
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III. SLOWLY VARYING ENVELOPE
APPROXIMATION

The time-dependent, nonlinear coupled equations
(9)—-(12) for inversion w, polarization p, and field E are, in
general, difficult to solve even numerically. In this sec-
tion we study the application of the standard slowly vary-
ing envelope approximation for the spatial dependence to
simplify the equations. In Sec. IV we will address the
question of the validity of the SVEA for the steady state.

We begin by decomposing the inversion, polarization,
and the field variables into forward and backward propa-
gating parts,

E*=Efe*?+Eje %7, (17)
p+ =pfexplik z)+pgexp(—ik z) , (18)
w=w,+wexp(2ik zZ)+w}exp(—2ik z) , (19)
p_=p% . (20)

In SVEA we treat the variables Ep, Eg, pg, wy, w,,
and pp as slowly varying and neglect all second and
higher derivatives of these quantities. In Egs. (17)-(20)
we have introduced the superscripts + explicitly to indi-
cate positive frequency parts. Substituting Egs. (17)-(20)
into Egs. (9)-(12) and keeping only the leading spatial
frequency terms [in powers of exp(ikz) and exp( —ikz)],
we obtain the following equations for inversion, polariza-
tion, and fields:

dw
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and the intensity T is defined by
T=|E;f P+ |Ef P+EFEf *e ™  +EFEf*e ~%%7 . (27)

In the special case when the backward wave contribu-
tions can be dropped the above equations reduce to the
following simplified set (obtained by setting pg,Ep to
Zero):

dw, - .
- =—(1+wy)+Erpr +Efpr , (28)

dw,
—=—uw,, (29)
dr
dps _
=—Llw Ef —[7r—i(A—&wy)lpf ,
dF TWoEr —[7 1 o)lpr
dE; OE; +
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Under steady-state conditions, Egs. (28)—(30) become
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where we indicated all steady-state values by the sub-
script s. This set of coupled equations was analyzed ear-
lier by Ben-Aryeh et al.,' who showed the existence of a
spatial first-order phase transition characterized by a spa-
tial discontinuity in inversion from a value of w <0 to a
value of —1 and also a kink in the intensity as a function
of z for all values of €>3 and intensities greater than a
threshold value. These authors suggested that this phase
transition caused by nonlinear atomic frequency renor-
malization in intrinsic optical bistability may be observ-
able in systems characterized by high density and high
oscillator strengths.

The validity of the SVEA and the neglect of the back-
ward wave contributions have not been investigated ear-
lier. In Sec. IV we address this question in some detail
and show that the SVEA is a reasonable approximation,
even though the reasons for its validity are different from
the usual ones suggested in the literature. The time-
dependent equations are then studied in the SVEA in Sec.
V to obtain switching times and dynamical transient
effects related to the time dependence of evolution in in-
trinsic optical bistability.

IV. STEADY STATE AND DEGREE
OF VALIDITY OF THE SVEA

In this section we study the behavior of the two-level
system under steady-state conditions. We solve Egs.
(13)-(16) using second-order field equations as well as the
approximate set (31) using the SVEA and compare the
two.

Because of their nonlinear nature, the solution of the
coupled equations for inversion, polarization, and fields
can only be achieved numerically and we outline our pro-
cedure here. Consider the two-level system confined to a
one-dimensional box of length L (the transverse effects
have been neglected). The electric field, being incident
from the left, is assumed as given for all time at z =0.
The system outside the sample of length L is assumed to
be a vacuum. The fields outside are then of the form
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FIG. 1. Plot of thS inversion w(Z) as a function of Z for the
parameters €=10, A=—-2, ¥r=0.5, E;=3.0, and sample
length L=22.5.

E(Z)=E;(e**+re *7), z<0
. . (32)
=Ere**+Ege "% z>L
where E; is the incident field and rE; is the reflected field
amplitude (the coefficient  is unknown). E is the ampli-
tude of the transmitted field. The coefficients r, E;, and
Ey are unknown and have to be determined self con-
sistently so as to match the solution inside the medium.
Since the system is not confined to a cavity, the
coefficient E; must have the value

Eg=0. (33)

This situation does not arise for the SVEA which has
only first-order derivatives and hence the specification of
the incident field is sufficient [see Egs. (28)—-(30)].

Our procedure for solving the second-order field equa-
tions is as follows. We assume that w is a smooth func-
tion of z except for possible jump discontinuities. We
then divide the space 0 <z <L into n subregions in each
of which w is assumed to be constant. The quantity g*(z)

9.0
. SVEA
EXACT
0.0
0.0 23.0

z

FIG. 2. Plot of intensity (dimensionless) I as a function of Z
for the same parameters as in Fig. 1.
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FIG. 3. Plot of the complex coefficient C as a function of Z

[see Eq. (34)].

in the jth region is then constant and the field in the jth
region can be written as

iqj(z—z

) -
J '+Dje

E= ig(z=z,_))
E=Cje y 2, 1<z <z (34)

where the coefficients C j,D i1 have to be determined us-
ing the boundary conditions, namely, the continuity of
the field and its first derivative at each boundary
(z=0,zy,z,,23,...,2,). The unknowns E; and Ep can

be related to E; and r by
E;

=U rE,

, (35)

where the matrix U is given by (4 is the width of any re-
gion)

U=U,U,U,U; - Uy_ Uy, (36)
+k/q)) Y(—k/q))
Uy= - , 7
o lL1—-k/q)) L1+k/qy) G7)
1 an | igyn 1 aN | —igyh
— |1+—= - [1——
2 2 k
N +inh N inh
— |1 — [1+—
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FIG. 4. Plot of the complex coefficient D of Eq. (34) as a
function of Z. The parameters are the same as in Fig. 1.
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0.0 - 196.0
z
FIG. 5. Plot of w(z) as a function of Z at time =1 for pa-
rameters A= —2, €=10, ¥=0.5, n=0.001.

iq:h —ig.h
%“'*'qj'/qj'ﬂ)ej %(l—qj'/QjH)e !

iq;h —iq.h
%(l_qj'/qj'ﬂ)e] %(1+‘Ij/qj+l)€ !

(39)

The numerical calculation for the determination of r
proceeds as follows: we start with an initial guess for the
complex quantity » and solve for E; and Eg. Since there
is no reflected component in region z > L we set E, to
zero to obtain the condition

Egx=E;(Uy +rUy)=0,
(40)

The resulting output value for r is then used as the next
trial value for r until the vanishing of Ej is satisfied to a
specified accuracy. In practice, to ensure convergence,
we use the average of the input and output values of r as
the next value for r. We have used the condition
|E r/E Il <0.0001 for the determination of . The results
for the model set of parameters €=10.0, A= —2.0,
¥r=0.5, E;=3.0, and L =22.5 are shown in Figs. 1 and
2 for the inversion and the intensity. In these figures we
also show the SVEA results for the same set of parame-

t =10.0

0.0 196.0

~NI

FIG. 6. Same as Fig. 5 except =10.
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t =200

0.0 - 196.0
FIG. 7. Same as Fig. 6 except f=20.

ters. We note that the results for the inversion are quite
close. The earlier prediction of the occurrence of the
boundary separating the two regions w SOand w > —1is
therefore not an artifact of the SVEA but is indeed borne
out by the full second-order calculation of the field. The
results for the intensity do show some differences of the
order of 5-20 %, depending on the choice of model pa-
rameters. Most of the difference can be attributed to the
neglect of the backward wave contributions neglected in
the simplified set of equations (28)-(30). To see this as-
pect we plot in Figs. 3 and 4 the real and imaginary parts
of C; and D;. We note from these figures that C and D
are approximately constant except in the region of
discontinuity. This in turn implies that

d*C__. dD_
dz? dz?

which in fact is at the heart of the SVEA. In the upper
region (characterized by w S0) ¢2(z) takes the value

g’=k?.

0, (41)

’

Thus the SVEA is expected to be accurate in the region
where w S0. In the region to the right of the boundary
the intensity is attenuated, Beer’s law is approximately
satisfied, and the differences between the SVEA and the
second-order results are minor. Thus, even though the
sample size is not large compared to a wavelength at

25.0

Tt =120

0.0 - 196.0
r4

FIG. 8. Plot of dimensionless intensity I at time 7=12. The
parameters are the same as in Fig. 5.
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25.0 T-150

0.0 _ 196.0

FIG. 9. Same as Fig. 8 except that 7=15.

which the medium exhibits bistability, the SVEA is nev-
ertheless satisfied due to the feature that w is slowly vary-
ing in each phase. This gives us confidence in using the
SVEA for analyzing the time-dependent equations. We
turn to the time-dependent problem in Sec. V.

V. TEMPORAL EVOLUTION OF INTRINSIC
OPTICAL BISTABILITY IN THE SVEA

In this section we analyze the time-dependent equa-
tions in the SVEA (i.e., the SVEA for both time and spa-
tial coordinates). We note from the discussion at the end
of Sec. IV that the reflection coefficient R =|r|? is small,
of the order of 0.2 or less. To keep the analysis simple we
set r =0 and neglect the backward wave contributions al-
together. The resulting set of equations has been given in
Sec. III [see Egs. (28)-(30)]. Thus we have to solve a set
of coupled first-order partial differential equations for the
inversion w, the polarization Pg, and the field E.

We use the numerical method adopted earlier by
Fleck.!? For a specified incident field E at z =0 and ini-
tial values for wg, w,, and Py at t =0, we solve!? for the
time dependence at various spatial grid points 0<z <L
in the sample. The step size Az for z is determined by

Az=At/q,

25.0

0.0 _ 196.0
z

FIG. 10. Same as Fig. 8 except that 7=20.

0.4 T T T
z2:=76

-1.4 1 L I
0.0 5.5 1.0 6.5 23.0

t

FIG. 11. Plot of inversion w as a function of dimensionless
time at a distance Z=76. The parameters are the same as in Fig.
5.

and hence is controlled by the value of 7. In practice, for
a given value of 17 a choice is made for At so as to give a
reasonable choice for Az. The smaller the value of 7 the
larger the number of time steps to achieve a given step
size of z, say unity, and this in turn increases the compu-
tational time. We have chosen the representative value of
1=0.001 for the calculations presented in this section.
The results do not exhibit a strong variation as 7 is de-
creased.

In Figs. 5-7 we show the spatial variation of w for
times 7=1, 10, and 20 for input parameters A= —2,
€=10.0, ¥=0.5, and 7=0.001. The parameters are
chosen to be the same as those used earlier by Ben-Aryeh
et al.'' The time scale is in units of Y7 !. We find that it
takes typically a few ¥ ! in time for the system to switch
to the state characterized by w <0 starting from an initial
state of w = —1. The emergence of a nonlinear dielectric
boundary is clearly seen in Fig. 7 at Z=94. The steady-
state values for w are in reasonable agreement with the
earlier work of Ben-Aryeh et al.''!! In Figs. 8-10, we
plot the intensity at 7=12, 15, and 20. Again we see the
emergence of a sharp boundary separating the two phases
in the medium by the presence of a kink at Z=94. Next

0.0 20.0

1
FIG. 12. Same as Fig. 11 except 7=93.
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we study the time dependence of w as a function of time
at various spatial locations. In Figs. 11-13 we exhibit
the time dependence of w at locations Z=76, 93, and 94.
The approach to the steady state is clearly seen in these
figures and takes approximately 10y !~ 15y ;! depending
on the spatial location (hence the intensity value). We
note from Figs. 11-13 that the switching time increases
dramatically at the discontinuity as z =94 is approached.
The figure for Z=94 (Fig. 13) shows that at the boundary
it takes much longer for the system to settle into the
upper state characterized by the lower absorption
(w=0). This is due to the well-known critical slowing-
down phenomenon.

VI. CONCLUSION

We have used the modified Maxwell-Bloch formulation
derived previously!®!! to analyze the dynamics and spa-
tial dependence of the switching process in IOB. The re-
sults, in the steady state using the SVEA, were compared
with the corresponding results using the second-order
Maxwell equation in the propagation spatial variable
(SVEA in time only), and the comparison is quite good
for our case, as shown in Fig. 1. The equations in the
SVEA were integrated temporally and spatially, using a
step-function input pulse of intensity above threshold,
and the dynamical evolution of the nonlinear dielectric
function spatial discontinuity is depicted in Figs. 11-13.
The dielectric boundary is established in the medium,
through transient evolution, corresponding to the point z
at which the local intensity I is at the lower bistable
threshold. The boundary occurs as a limiting steady-
state condition through the dynamical transients of the
switching process. Critical slowing down is indicated in
Figs. 11-13 as z approaches the critical value in the
medium. Different shaped pulses will cause different fluc-
tuation and oscillation patterns in the transient response,
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0.0 5.5 1.0 16.5 23.0

FIG. 13. Same as Fig. 11 except Zz=94.

but the steady state will always be the same. The use of
four-wave mixing could be used to monitor and study the
fluctuations and oscillations associated with the spatial
and temporal buildup of the internal boundary between
the two states of polarization.® The emergence of the
backward wave is a reflection of the presence of the inter-
nal boundary induced by the highly nonlinear interaction
of the laser beam with the system. No additional scatter-
ing effects are expected in the present framework. We
feel that this feature of IOB is of sufficient fundamental
interest to warrant further theoretical as well as experi-
mental investigation.
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