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A semiclassical exciton—biexciton model for CuCl is used to obtain the stationary
solutions for optical bistability (o.b.) by numerical integration of the second-order
Maxwell equation in the limit of large Fresnel numbers. The results obtained from
the calculation, which we call exact (ex.), are compared with corresponding
numerical results by using the slowly varying envelope approximation (s.v.e.a.) as
well as corresponding analytical results obtained by using the mean-field approxi-
mation (m.f.a.). The results obtained with the s.v.e.a. are shown to be in close
quantitative (within 59,) agreement with the ex. results for each point in the
parameter space considered, whereas the m.f.a. gives reasonably good qualitative
results only (more than 209, quantitative discrepancy with ex.). Furthermore, o.b.
is predicted from these calculations for incident laser field detunings on either side
of the two-photon biexciton resonance as well as in the neighbourhood of the
resonance. The nonlinearity in the dielectric function that causes o.b. is seen to be
very nearly of the Kerr medium type, and consequently, the two-photon biexciton
resonance contributes only weakly to the o.b. characteristics.
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INTRODUCTION

Previous calculations for optical bistability (0.b.) in CuCl assumed the dielectric function to
be constant throughout the cavity; this version of the so-called ‘mean-field approximation’

(m.f.a.) has the advantage of yielding analytical results. Results from the m.f.a. were obtained
by several authors (Koch & Haug 1981; Sarid et al. 1983; Sung & Bowden 1984). Other

p
[\ \

i examples can be found in Bowden et al. (1984). Since the m.f.a. limit is idealized, there are
P always questions concerning the accuracy and reliability of the results. Therefore, we solve here,
o : in addition, the second-order Maxwell equation, which requires numerical integration (ex.
R~ results). A large Fresnel number is assumed so that transverse contributions can be neglected.
E o Bearing in mind that numerical integration of the second-order equation is expensive, we also
— 8 calculate results from the so-called slowly varying envelope approximation (s.v.e.a.) (Icsevgi

& Lamb 1969; Fleck 1970). It is found that, with the exception of rather esoteric conditions,
the s.v.e.a. can be used to produce results from our model that are within 59, agreement with
the ex. results, whereas the m.f.a. yields results that differ quantitatively by more than
209,. Thus, cost-effectively, the s.v.e.a. will be very useful for our future work; for example,
the calculation of the dynamics and switching without recourse to adiabatic elimination
(Geigenmiiller et al. 1983).
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390 C.M.BOWDEN AND OTHERS

1. MopEL HAMILTONIAN

The model Hamiltonian for CuCl, which has been widely used to calculate the nonlinear
interaction with light for an incident laser field tuned near the exciton or two-photon biexciton
resonance, is given in the rotating wave and electric dipole approximations, by

H=H+H, (1.1)
where Hy=w,b*b+w, B'B, (1.2q)
and H =ig, E*b* +ig, E*Btb+h.c. (1.25)

Here, B*(B) and b* () are the creation (annihilation) operators for the biexciton and excitons,
respectively, and w,,, and w, are their respective transition energies (units such that # = 1 are
used); g, and ‘g, are the coupling constants, whose numerical values are inferred from
experiment. The electric field E with positive and negative frequency components, E* and £,
respectively, is assumed to be the superposition of rightward and leftward propagating
monochromatic plane waves in the dielectric medium and is understood to have both spacial
and temporal dependence in general. The exciton and biexciton operators are correspondingly
understood to have k-vector dependence consistent with the electric field. We take the electric
field E to be classical and proceed with the semiclassical model calculation where the field and
dielectric are coupled by the Maxwell equation.

2. NUMERICAL INTEGRATION OF THE SECOND-ORDER MAXWELL EQUATION AT
STEADY STATE: EX. RESULTS

The field-dependent nonlinear dielectric function obtained by solving the equations of motion
derived from (1.2) at steady state, and to lowest order in the field-exciton—biexciton interaction
is (Koch & Haug 1981; Sung & Bowden 19844)

€' (E") = e, +4mgi/ (& — g |EP/K), (2.1)

where unity has been replaced in the first term in (2.1) on the right side by the high-frequency
dielectric constant €,,. Here, 8’ = oy —w—iyy, 4’ = 0y —20—iyy, and |E|* = EYE™. In these
relations  is the frequency of the incident electric field, where we have used

Et(x,t) = 79 E*(x) (2.2)

and x is the longitudinal direction of propagation in the dielectric medium of length L. Also
vx and 7y, are the exciton and the biexciton relaxation rates, respectively, which have been
added phenomenologically.

The stationary solution of the Maxwell equation based upon (2.1) and (2.2) is obtained by
solving (we omit the superscripts on € and E from here on)

Q2E(x) /ox® +e(E) B2 E(x) = 0, (2.3)

where £, = w/c is the wavenumber in vacuum. If the incident laser beam of amplitude E is

given by Einc = Ey exp (—iwt+ik, x) (2.4)

[ 200 ]
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for x < 0, then the boundary conditions are represented by the following set of equations at
x = 0 for a given surface reflective dielectric film mirror of reflectivity r,

(1—rp) Ernc+ (147, E, = E, (2.5a)
iko[(1— 1)t Exne— (1—14,) E,] = 0E/0x, (2.50)

where E, is the amplitude of the reflected light at x = 0, i.e. between the material (CuCl) and
the cavity mirror. Similar boundary conditions prevail at x = L,

(1 +7%m) Ea = E, (2.64a)
iky(1—1,) E; = 0E/0x, (2.66)

where E, is the amplitude of the forward-propagating wave at x = L between the material
(CuCl) and the mirror. The transmitted wave intensity I is given by

In = |Eg|? = (1 —rp) |E,2 (2.7)

These boundary conditions can be combined to solve (2.3) by numerical integration. The results
we call ex. results.

3. MEAN-FIELD APPROXIMATION
The m.f.a. is often used in the literature to describe o.b. in a Fabry—Perot cavity filled with
a Kerr medium, and avoids the necessity for numerical integration by imposing the ansatz

E(x) = E) elk% + E® e~1k2 (3.1)

where E{Y) and E{? are rightward and leftward propagating components of the electric field
E and are taken to be independent of x. Here £ is the complex wavevector defined by

k= ke, (3.2)

where ¢ is given by (2.1). If (3.1) is used in conjunction with the boundary conditions (2.5)
and (2.6), the result is (Sung & Bowden 19844)

T = |Egl/|Ef? = [4(1—rp) e{[(1+ ) é+ 1 —rh P er—[(1+7,) e— (1—rd) P e},
(3.3)
where a = k, Lét is the complex phase.

4. SLOWLY VARYING ENVELOPE APPROXIMATION SOLUTION

The s.v.e.a. has been extensively used in the literature (Icsevgi & Lamb 1969; Fleck 1970)
and we will not elaborate on its construction here. It essentially results in a linearization of
the Maxwell second-order partial differential equation by removal of the rapidly varying
temporal and spacial components of the field. The novel aspect of our calculation is that we
remove the spacially varying part according to the approximate wavevector in the material

f =k, Re (¢(0))}, (4.1)

rather than £, in free space, as is usually the procedure. In (4.1) €(0) = ¢(E = 0). The details
of our s.v.e.a. calculation will be presented elsewhere (Sung et al. 1984).

[ 201 ]
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392 C. M.BOWDEN AND OTHERS
From the s.v.e.a. and the solution of the equations of motion from (1.2) in steady state, we
have
Jefr  2miwd’g? a4tz 4 0 (eg(0)—€y)
i Uit -2 P Y ——nl B 4.2
oz o5 Al e T o (4.24)
Oepy  2miwd’gd . L . + 10 (eg(0)—€y)
2 = oS (3.4 —g2|6B| )GB +§'—€RT€B. (4.21))

In these equations ¢4 and e;f are the slowly varying forward and backward propagating field
amplitudes, respectively, and

§= (04 =283 A (lex I + e [*) +ga(less [ + e |* +lex [ |e 1) (4.3)

It is to be noted that if the last term in (4.3) on the right side were a perfect square, equations
(4.2) could be integrated immediately, by using the boundary conditions (2.5)—(2.7). However,
this is not the case, so we proceed with numerical solution of (4.2) with the boundary conditions
already mentioned.

5. RESULTS AND DISCUSSION

The ex., s.v.e.a. and m.f.a. results for a sample length L &~ 10 pm are presented in figure 1.
We have fixed the frequency @ = 3.177 eV and varied L to obtain a well-defined o.b. condition
in m.f.a. This is why L = 9.98165 pm in these results. We have chosen a value for » far from
resonance, as was done by Sarid ¢t al. (1983). Since vy, is small compared to y,,, we neglect
it altogether to proceed more easily. The value for y,, varies considerably in the literature and
may well vary from sample to sample. It is also claimed to be field-dependent (Sarid et al. 1983).
It has been pointed out by Abram (1983), that at least part of the apparent field dependence
of the shape of the absorption spectrum for CuCl can arise from spacial ‘chirp’ due to the
field-dependent shift of the peak of the absorption spectrum dictated by (2.1). Since this
condition is obviously present in the ex. and s.v.e.a. calculations from our model, we do not
impose further conditions extraneous to our model.

The remarkable agreement between the s.v.e.a. and ex. results is due largely to the choice
of the wavevector £, (4.1) in the s.v.e.a. The m.f.a. results give only qualitatively reliable results.
The comparison between the s.v.e.a., ex. and m.f.a. depicted in figure 1 is consistent throughout
the parameter space tested, including the cases at L = 1 pym and L ~ 30 pm.

Displayed in figure 2 are results for the incident field frequency tuned to a value
approximately as far above the two-photon resonance as the value chosen in figure i was below
resonance. This shows at least as strong a hysteresis condition as for the previous case below
resonance. The s.v.e.a. and m.f.a. obviously compare in the same way as before and the ex.
result is not plotted since the agreement is not different from that depicted in figure 1. Also
shown in the box on the right in figure 2 is the s.v.e.a. at L = 30 pm. The change in length
produces a change in intensity threshold by two orders of magnitude. Hence it is possible to
reduce the threshold by searching for optimal values of the length and detuning.

A major conclusion from these results is that the nonlinearity that causes o.b. in excitonic
CuClis largely of the Kerr medium type. We have tested the o.b. conditions near the two-photon
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Lowe/ (MW cm™?)

I,/ (MW cm™?)

Ficure 1. Input against output intensities for the laser frequency w =3.177¢V and sample length
L = 9.98165 pm. Other relevant parameters are: ry, = 0.9, ¥y, = 0.3 meV, y, =0, 4ng} =27.5 meV?
M2 =157 x 10718 meV? cm?® and g3 = [¢] [M[?/w, w, = 3.2027 eV, w,, = 6.3725 ¢V and ¢, = 5.0.

1.0~ 0l—T—T71—77
0.8 oo 008
N P
£ 06p 006 -
‘\
§ Sre -—=—sve.a
< 04 Te.el m.f.a. 004 .
Ng ~\\\
\\“
0.2 ; 0.02H -
""
I | ! | I N
0 200 400 0 4 8
Iin/ (MW cm™2) L,/ (MW cm™2)

Fioure 2. Input against output intensity for the laser frequency w = 3.1956 ¢V and L = 10 pm. The box on the
right is the s.v.e.a. for a sample length L = 30 pm; note that the output intensity scale is reduced by a factor
of 10 and the input intensity scale has been changed. All other parameters are the same as for figure 1 except
that y, = 0.1 meV.

resonance and the o.b. is relatively weak. The fact of the Kerr medium behaviour and the choice
of (4.1), explains the close agreement between our s.v.e.a. and ex. results.
Based upon these results, we are now in the process of calculating the dynamics and switching

times for this system by using the s.v.e.a. and without using adiabatic elimination, which is
not valid for CuClL

J.-W.H. is a National Research Council research associate.
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