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Bistable reflection of light by an electro-optically driven interface
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A theory of nonresonant optical bistability, based on “hybrid” interface effect, is developed. This
effect occurs upon reflection of light at a single interface of a medium driven by electro-optical
feedback. The nonlinear Snell’s and Fresnel’s formulas for the transmission regime are obtained,
as well as conditions for bistable operation. The stability of steady states and characteristics of

hysteresis jumps are examined as well.

PACS numbers: 42.10.Fa, 42.60.He, 42.80.Sa, 42.60.Kg

In our previous articles'*® the theory of new effects in
p y

nonlinear optics was developed, which describes, in particu-
lar, bistable (hysteresis) reflection and refraction of strong
plane waves from the surface of a nonlinear medium; this
effect is valid for “positive” nonlinearity' as well as for “neg-
ative” nonlinearity.? Very recently it was experimentally ob-
served by Smith, Hermann, Tomlinson, and Maloney® for
the case of “positive” nonlinearity.

In contrast to well-known bistable optical devices,*
whose bistability is due to the presence of a Fabry-Perot res-
onator filled with nonlinear medium, the concerning phe-
nomena is nonresonant and might use a broad spectrum of
light. However, for the usual nonlinear medium (for exam-
ple, Cs,), the required intensity of incident field is close to the
damage threshold. On the other hand, using the bounded
beams provides a strong spatial localization of the nonlinear
component of susceptibility (if that one depends on the inten-
sity of light in the given point of space), which should lead to
the secondary effects such as self-focusing and self-bending
of beams as it was pointed out in Ref. 1. These effects can
probably eliminate the main phenomenon of bistability in
some situations. To avoid these problems the new modifica-
tion of nonlinear reflection effect was proposed by us.*>® In
this modification the electro-optical element performs as an
“artificial” nonlinear medium in the system supplied with
electronic feedback. The electro-optical element should be
used as one of the media forming the interface (see Fig. 1).
Then the light reflected from the interface and received by
the detector can be transformed into an electrical signal, and
the voltage resulting from this signal should be applied to the
electro-optical element producing the change in its suscepti-
bility (in general, the driving signal might be amplified by
electronic means). Such a light-feedback method is analo-
gous to the one used in “hybrid” devices,” where an electro-

FIG. 1. Schematic diagram of a bistable device using an electro-optically
driven interface; D detector of light.
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optical element is used as a driving medium in the Fabry-
Perot interferometer to create an “artificial” Felber-Mar-
burger® resonator. However, in our case, the driving signal
changes the refraction angle of the light behind the interface
rather than the phase shift of the wave in the resonator. The
electro-optic element can change susceptibility of the same
value practically in the entire working volume of the medi-
um; this is the reason why the plane wave theory can give a
satisfactory description of this situation.

Now we are developing for the first time a theory of
such electro-optical interface bistability. It can be easily
proven that the only situation in which hysteresis behavior
of the system can exist is the one where the detector receives
the reflected rather than the refracted light. In such a case, if
the susceptibility of the electro-optical medium increases un-
der an applied signal, this must be the input medium (see Fig.
1), and must have “positive” linear mismatch 4e, , i.e., its
susceptibility eg, in the simplest case can be written as

€ro (I) =€, + A€, +kI,, (1)

where €, is the susceptibility of the linear medium, Ae, > 0is
the constant difference between susceptibilities media,
which does not depend on light intensity, 7, is the intensity
(or total power) of the refracted light beam, and k > 0 is the
constant and depends upon detector (and, possible, amplifi-
er) and electro-optic element characteristics. In the case if
k <0, the electro-optic element should perform as a reflected
medium and the value of 4¢, should be chosen to be nega-
tive, i.e., A€, <O, the theory presented below remains valid
for this case as well.

Let us assume that the incident light beam is “close
enough” to a plane wave, which means in our case, that its
angle of diffraction divergence is much smaller than the
critical angle ¢, of total internal reflection (TIR), which can
be specified by relationship sin’ ¢, = |4e, |/¢,. Then, for
the “transmission” wave regime (i.e., non-TIR) we can write
the conventional Snell’s formula for angles:

(20 - @
cost/  egoll,)

where ¢ is the glancing angle of incidence and £ is the angle
of refraction (see Fig. 1) and Fresnel’s formula for the ampli-

tude coefficient of reflection r = (1,/I,,)"/? (where I, is in-
tensity of incident light), which differs for the cases when
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electric field polarization is either perpendicular (1) or paral-
lel {]|) to the plane of incidence:

re =sin (¢ —£)/sin (¢ +£),

r=tg(¥—£)glp+¢). (3)
As is usual for interface nonlinear effects'? in the case of a
small nonlinear component (1, €€, ), the only conditions un-
der which all effects being of interest can be observed are the
proximity of susceptibilities and the almost-grazing inci-
dence, i.e.,

€>4€, (~rl,), 1>PL. 4)

Then, Fresnel’s formulas (3) become the same for different
polarizations:

r=(L/5) =~ £V +€), (5)

and Snell’s formula (2) can be written as

¢2_§2= (kIr/Eo)-l_'ﬁgr! %rerL/eo' (6)
Considered together, equations (5) and (6) yield the “nonlin-
ear Snell’s formula” for refracted angle £ (in the case when

¥> Vo)
kLo /e, = L+ VW — £)17W° — 62 — L), (7

or “nonlinear Fresnell’s formula” for coefficient of reflection
r:

kI /A€, = 1/r[(/Ye ) 4/(1 + 1) — 1/r], (8)

where I, is a given intensity of incident light. Calculations
for nonlinear TIR show that if ¥ < ¢,, the regime of TIR
exists for all possible intensities I,,, but if ¥ > ¢, then TIR
can exist only under condition

inn/AEL>(¢2/%r)_ 1’ ¢>¢cr‘ (9)

Examination of relationship (8) shows that under condi-
tion (9) there is a range of values of input intensity 7, , where
bistability of states and hysteresis jumps between transmis-
sion regime and TIR arise, which is demonstrated in Fig. 2.
Let us specify values of some important points at the hyster-
esis curves following from Eq. (8). Coefficient » at weak field
(l;, = 0) is specified as

r,=1lg—a—1)? (10)
where
qup/lﬁcr > 1

The value of critical input intensity /;,, which causes a jump
from TIR state (r = 1) to transmission regime, is specified by
relationship (9), where one has to take notice of equality.
Maximum possible values of coefficient 7,, as well as input
intensity 7;, for transmission regime (the values correspond
to conditiondr/dI,, = «» which provides ajump from trans-
mission state to TIR) are specified by equations

2°r(1+3r) = (141, ¢>1 (11)
and

L, =4¢€, /k [(1-’2)/’%. (1+3r)]; (12)
s0, if ¢*> > 1, then 7, ~(2¢%)~" and I, =(de /k)4q*

In order to examine a stability of two possible states 7 of

transmission regime, specified by equation (8) in the range of
bistability, i.e., [, <I,, <I;, , let us take into consideration
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FIG. 2. Reflectivity R = |r|? as a function of input intensity 7, for different
ratios ¢ = ¢/y,,. Curves: | —g=1.16;2 — g = 1.33;3 — g=15.

a relaxation in the system of the detector electro-optical ele-
ment. In the simplest case this relaxation can be described by
a linear equation of the kind

dAeg,
T———— + A€go = k1, (13)
dt

where relaxation time 7 depends upon detector and electro-
optic element respnse decay characteristics (we assume that
7is the largest relaxation time in the entire system) and A e,
is a driven component of susceptibility of the electro-optical
element. Substituting the value of deg,, into Eq. (6) in place
of kI, and considering Eq. (5), (6), and (15) all together, one
can obtain a differential equation, describing the dynamics
of parameters of transmission regime. For instance, for re-
flection coefficient it yields

dr (1+r\(, (147K, /46 )]0 + rJZ) _
7.dt + r( )(1 4q°r =0 (4

which has a steady (dr/dt = 0) state solution rg, defined by
relationship (8). In order to examine the stability of these
states relative to small perturbations Ar = r — rg, Eq. (14)
can be linearized near steady states. This new linear equation
for small perturbations 4r yields solutions which can be
written in the following form:

1—r

Ar~ exp[ — at{drss/dl,) " '],
a=(k/TA€L)"ss(1+rss)3/4'qz(1—’ss)>0’ (15)
where rg (I, ) is specified by (8) Now, it can be seen clearly
from (15) that the stability of steady states 7 depends only
on the sign of derivative dry /dI, : the state is stable if this
derivation is positive, and unstable if it is negative. Therefore
the solid branches of curves R (;, ) in Fig. 2 correspond to the
stable states and dashed branches correspond to the unstable
states, which is in good agreement with physical expectation.
In general, an experimental setup as well as a device for
application can be built by using only a detector without any
amplifiers. If a LINbO; crystal is used as the electrooptical
element geometrically analagous to that one used by Ka-
minov et al.,’ then a value of Aeg, ~3.107° V can be
achieved, where V is applied voltage. Further, if A€, is cho-
sen to be in the order of 3.10™* and an avalanche photodiode
is operating as a detector, giving a sensitivity in the order of
10° A/W with a 100 {2 resistor used as a load, then the input
light power which is necessary for bistable operation should
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be in the order of I, ~ 10~ W, which gives a considerably
low level of operation. In this case, the critical angle of TIR is
Y., ~1° and the relaxation time (if the capacity of the elec-
trodesis ~ 10 pF)is 7~ 1 nsec. This time can be decreased by
reducing load resistance, which leads to proportional in-
creasing of critical input power.

Let us point out some advantages of the proposed de-
vice. (i) In contrast to resonator schemes, it is not sensitive to
the change of wavelength and can use a broad spectrum of
incident light. (i) It can demonstrate spacial bistability,
which implies bistable change of angle of a refracted beam.
(iii) Switching time is limited only by the relaxation time of a
network of detector-electrodes, but not by resonator re-
sponse time. (iv) The length of interaction of a light beam
with an interface can be made shorter than the usual length
of resonators; therefore, this device can be constructed in a
very small amount of space and, eventually, it can be con-
structed in an integrated self-contained device, analagous to
Ref. 10, by using photovoltaic detectors which require no
external electrical energy. (v) In contrast to resonator “hy-
brid” devices which are multistable under strong signal, the
device described is truly bistable.

All these reasons confirm that this device is the simplest
for bistable nonresonant operations and optical signal pro-
cessing, such as optical memory, switching and binary logic
operations, especially low level of power of input light signal
is required.

69 Appl. Phys. Lett. 38 (2), 15 January 1981

I am grateful to P. W. Smith and W. J. Tomlinson for
discussions and to P. L. Kelley for his interest and support.
This work was supported by the U. S. Air Force Office of
Scientific Research under Grant No. AFOSR-80-0188.
Francis Bitter National Magnet Laboratory is supported by
National Science Foundation.

'A. E. Kaplan, JETP Lett. 24, 114 (1976); A. E. Kaplan, Sov. Phys. JETP
45, 896 (1977).
°A. E. Kaplan, Sov. J. Quantum Electron. 8, 95 (1978}, A. E. Kaplan,
Radiophysics and Quantum Electronics 22, 229 (1979).

'P. W. Smith, J. -P. Hermann, W. J. Tomlinson, and P. J. Maloney, Appl.
Phys. Lett. 35, 846 (1979); P. W. Smith and W. J. Tomlinson, in Optical
Bistability, edited by C. M. Bowden, M. Gifton, and H. R. Robl [Plenum ,
New York, 1980 (to be published)].

“H. Seidel, U. S. Patent No. 3,610,731 (1969); A. Szoke, V. Daneu, T.
Goldhar, and N. A. Kurnit, Appl. Phys. Lett. 15, 376 (1969); H. M. Gibbs,
S. L. McCall, and T. N. Venkatezan, Phys. Rev. Lett. 36, 1135 (1976).

°A. E. Kaplan, Digest of papers of XI International Quantum Electronics
Conference, paper T-10, Boston, Mass; 1980 [J. of Opt. Soc. of Am., 70,
658 (1970].

°A. E. Kaplan, in Optical Bistability, edited by C. M. Bowden, M. Gifton,
and H. R. Robl [Plenum, New York, 1980 (to be published)].

’P. W. Smith and E. H. Turner, Appl. Phys. Lett. 30, 280 (1977); A. A.
Kastal’skii, Sov. Phys. Semicond. 7, 635 (1973).

*F. S. Felber and J. H. Marburger, Appl. Phys. Lett. 28, 731 (1976).

°I. P. Kaminov, L. W. Stulz, and E. H. Turner, Appl. Phys. Lett. 27, 555
{1975).

‘“P. W. Smith, 1. P. Kaminov, P. J. Maloney, and L. W. Stulz, Appl. Phys.
Lett. 34, 62 (1979).

[o23
s}




