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Abstract

Theoretical investigation of the role of bending waves in the conditions for observing
optical bistability in layered semiconductors is performed using the Green function method.
By the example of 2H-polytype of Pbl,, we show that efficient exciton scattering by the
oscillations of this type leads to a short-wave shift of the frequency region of optical
bistability, decrease in the size of this region, widening of temperature interval of its
observation, a shift of the hysteresis loop towards higher intensities and a decrease in its

height and width.
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1. Introduction

Optical bistability (OB) phenomenon has been
recorded for the first time by McCall [1]. It has
become very important from the viewpoint of
various practical applications, including creation
of optoelectronic devices (memory elements,
optical transistors, discriminators, switches, etc.)
[2]. The phenomenon of OB, which is essential
for a wide class of materials and devices, is
based on a nonlinear response of system to
intense  external radiation.
Under

nonlinear resonance system with the radiation

electromagnetic

certain conditions, interaction of
can bring the system into one of two or several
steady, dynamically stable states that differ by
the energy absorption levels for the incident
wave. In the case of OB one deals with two
different states (characterized with low and high
absorption, respectively), while in the case of
multistability there are more than two states. It is
possible to switch over any of them at the same
polarization  and

parameters  (frequency,
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intensity) of the incident wave. OB represents a
common property of nonlinear optical systems
with the feedback. Different processes [2—5] can
be responsible for its realization in semi-
conductors, including a dynamic nonlinearity of
optical absorption in the exciton frequency
region (the so-called intrinsic OB) [7-9].

A series of theoretical works [10-14] has
been devoted to investigation of different
aspects of the nature of intrinsic OB. It has been
found out that the nonlinearities, which promote
OB under considerable light intensities, are
explained by competition of processes
responsible for the excitation of exciton states
under illumination of crystal and their relaxation
caused by exciton-phonon interactions [10].
Essential influence of external factors on the
processes mentioned above enables one to
control the OB

temperature of crystal [11], polarization of the

region by changing the
excitation wave [12] or the external magnetic

field [13]. Interactions with specific phonon
modes of the type of bending wave (BW)
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peculiar to layered crystals (LC) could promote
indirect vertical phototransition responsible for
arising of multistable states [14].

In this paper we study the role of nonlinear
exciton-phonon interaction in the processes of
OB realization in LC, the point that has not been
sufficiently clarified in the works mentioned
above. We reveal that the exciton scattering on
the BW may have different efficiency and is
essentially anisotropic. It influences greatly the
position and size of the frequency and
temperature regions where the OB and the

hysteresis loop appear.

2. The model

Layered semiconductors typically manifest a
considerable anisotropy of physical character-
istics, e.g., the effective mass of charge carriers
[12,13] and the optical spectra characteristics
[13,14]. The difference in the forces of inter-
action among the atoms inside the layer packet
and the interlayer interaction is the cause of
anomalies present in the phonon spectra of those
crystals. It is responsible for appearance of
specific types of oscillations, the low-energy
optical phonons and the BW [13]. It is these
oscillations that form the optical spectrum of LC
in the exciton frequency region at low
temperatures. This is evidenced by a large
variety of warm-up changes in the exciton
absorption band of LC, when compare with
isotropic semiconductors.

First and
characteristics of layered semiconductors, in

foremost, many spectral
contrast to isotropic ones, are dependent on
temperature in the low-temperature region (see,
e.g., the position and height of the absorption
peak). Second, since the sign of the nonlinear
exciton-phonon interaction constant depends on
the light propagation direction with respect to
crystallographic axis [16], the sign of the low-
temperature shift of the exciton absorption
maximum may change when the LC is heated.
At the same time, the maximum shift occurring
in isotropic crystals is always directed towards
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the long-wave region [15]. The anomalous
short-wave exciton band shift has been observed
at low temperatures for different directions of
light propagation in 2H-polytype Pbl, [17]. It is
conditioned by the fact that the sign of nonlinear
exciton-phonon coupling function for the BW
has an extra dependence on the relation between
the effective electron and hole masses [16]. The
lead iodide differs from the other LC by a strong
anisotropy of

(m! >m) ,m* <m), so that the sign of the

these parameters

coupling function is the same for both light
propagation directions [16—18].

The distinctive features of the exciton
spectrum dynamics in LC caused by the
peculiarities of their exciton-phonon interactions
could manifest themselves in the OB taking
place in those crystals. In order to study this
problem, we investigate the model for excitation
of three-dimensional exciton with the quadratic
dispersion law

2,2
ho, =ho, +M
2m

ex

in the LC under its illumination, where &, ho,

and m, denote respectively the wave vector,

the energy and the effective mass of the exciton.
We account for the two possible relaxation
mechanisms for the exciton excitation energy,
related to the with the BW

(Q,=Q,¢°) and

interactions
dispersionless  optical
phonons (Q, =€Q,). Here Q; and g mean the
phonon frequency and wave vector, respect-
ively. The first interaction is nonlinear, with the
coupling function [16,19]

V(g:—q) =

1 1
=+fQ m -
ok, O(mh 1+ oc,,qz)2 m,(1+ oceqz)2
= /,F5(9) g

The second one is linear and we have [20]

)g=(1)

2
l—ochq2

I+ 0‘/«‘12)2

-« q2
Vi(q)=F,Q d
1 (‘I) 0 1|:(1 +aeq2)2
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=FQF(g). (2)
((Xex’/ni)2
(2 : (me + mh ))2

is the exciton radius), and f; and F, represent the

Here o, = (i=-e, hand a,

constants of the interactions. The signs plus and
minus in Eq. (1) correspond respectively to the
cases of light propagation within the layer plane
and perpendicular to it (see [16]).

Assuming a weak exciton-phonon coupling
and excitation of the lowest exciton state only,
we may express the light absorption coefficient
at the frequency o as
r

a(w)=2x| D, —
(w—w,—A) +T" . 3)

=27|D, " S(@)

Here D, is the exciton-photon interaction
parameter, and A and T the real and imaginary
parts of the Green’s function mass operator [19]:

M@, T)=M,(0,T)+M,(T),

where

M(0,T)=
1 R I+n, + N,

=— > ) L+ (4)
N~ % o—w; —M,(T)-Q, +in

n.—N,
+ q9 q . )
o-w;—M,(T)+Q, +in

My ()=~ X114 2n0). (5)

q
n — +0, and
[exp(sty gy
n. =lex — ,
§ P

hao; -
N, = [exp(#/l) _p
are respectively the occupation numbers of the
phonon and exciton states. The chemical
potential ux of the excitons defines their con-
centration in the crystal (the volume V and the
temperature 7):

1
N:;;Nk-. (6)

Egs. (4) and (5) represent the contributions
of the linear interactions of excitons with optical
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phonons and acoustic-type BW [21]. Replacing

the sum over g by the integral over

dimensionless variable y = aq/m (a being the
lattice constant), we obtain the real and
imaginary parts of frequency-temperature
dependences for the mass operator:

Ao, T)=A(0,T)+A,(T), (7

[(,T)=T, + %FOQI[FI(%an(T) -N,)

+ R )A+n(T)+ N, )] @)
Here I'y is the radiation width of the exciton
level:
A(@,T) = RO, [(m(T) ~ N, )(@+Q,)

+1+m(T)+ N, ) (0—-€Q))], )

1
AT = £, [I1+2m, (1, DIE ()Y dy , (10)
0

‘IrE\/a’_a’o_Mz(T)iQI >

F(y)ydy
z—wy—A, - Ly* ’

I(z)= ]

0

L =m*h /(2d’m.y) is the exciton band width,
n;, and N, the phonon (optical or BW) and the
exciton (k = ¢.) occupation numbers.

Thus, assigning definite values to the above
parameters, one can calculate the absorption
coefficient spectrum at arbitrary temperatures of
crystal. In our case the parameters A, /" and the
absorption coefficient a are determined not only
by the frequency @ and the temperature 7, but
also the absorption intensity of crystal at the
given frequency. The correlation between the
chemical potential x of the exciton and the
exciton concentration N in crystal causes N-
dependence of the occupation numbers N .

The occupation number itself is determined by
the input light intensity /,. Because of this fact,
dependence of the output light intensity / on /,
becomes nonlinear. This brings about the
existence of certain frequency and temperature
regions, where two different / values match one
intensity value Iy, i.e., the OB would take place
[10].
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When the exciton, phonon and the radiation
systems are in thermodynamically equilibrium
state, the balance equation for the exciton
concentration may be used [10]:

lya(w,T,N)-N=0. (11)

By applying Buguer-Lambert law, one can
enclose the system of Egs. (1)—(11) and define
the /(1,) dependence.

Assuming the exciton concentration to be
variable (which is achieved by changing 1), we
can derive the absorption coefficient for the
fixed frequency and temperature on the basis of
equation system (3) and (7)—(11). Using then the
Buguer-Lambert law, we find the output
radiation intensity (or the transmission 7 = I/l;)
for the crystal of thickness d as a function of /.
The nonlinear absorption may cause appearance
of I region (at the fixed ®w and T), in which
these parameters acquire two values [7,8]. The
sizes of those OB regions may change with
changing frequency, temperature and exciton-
phonon interaction parameters.

3. Results of calculation and discussion

In order to study the influence of nonlinear
exciton-phonon interaction with the BW on the
position and size of frequency and temperature
OB regions arising in LC, we now perform the
calculations according to the model mentioned
above.

As an example, we consider the most
commonly studied 2H-polytype of Pbl, [15], in
which nonlinear exciton-phonon interaction with
the BW has been detected [17]. The temperature
dependence of the absorption band form
function is presented in Fig.1. It has been
calculated when taking the values a = 4.557A,
Q, =120cm™, Q, =60 cm™, & = 11.1 [15], !,
= 1.12my and m', = 0.22m, [18] typical for this
crystal in the case of light propagation along the
layer plane and putting the parameters of the

model to be equal to L = 104 em’, Ty=4.5cm™,
Fo = 035 and f = 0.002. An anomalous
absorption band shift towards higher energies is
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clearly seen in the low-temperature region (up to
40 K). It takes place for the reason of nonlinear
interaction with the BW.
According to Eq. (10), the shift in this region is

exciton-phonon

proportional to the interaction constant f;.

144 ol@)

0,004 0,004 -0,00% -0.,002

Fig. 1. Dependences of the function of exciton
absorption band form S on the frequency w
represented in dimensionless units A(w — wo)/L
for different temperatures: 1 =0 K, 2 - 20K, 3 -
40K, 4-60K,5-80Kand 6 - 100 K.

We have also analyzed the results of
calculations performed at different f; values in
the region of frequency changes (i.e., at fixed
temperatures) and the temperatures, for which
the OB takes place (i.e., at some fixed reference
frequency w; chosen in the middle of the OB
region, whose value depends on f;). It has been
found that the increase in the BW coupling
function leads to:

- a short-wave shift of the frequency OB region
Aw=w,—-m, and a decrease of its size (see

Table 1);

- an increase in the temperature OB region
AT =T, —T, (see Table 1);

- a shift of the hysteresis loop towards the
region of higher intensities, as well as a decrease
in its height and width (see Fig. 2).

The increase in the reference frequency of
OB with increasing f; constant (Table 1) is
explained by the shift of exciton band maximum
towards the short-wave region, as a result of
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exciton-BW interaction. In a similar manner, the
short-wave shift of the frequency OB region and
the decrease of its size in isotropic crystals cause
linear exciton-phonon
[10].

standpoint, we can assert that the influence of

a decrease in the

interaction constant F From this
BW on the conditions for observation of OB is
opposite to the influence of optical phonons.

with the BW are also

in the minimum

Interactions
responsible for decrease
temperature, for which the OB appears. Linear
mechanism of exciton-phonon interaction, as a
channel for dissipation of exciton energy in 2H-
Pbl, that promotes the appearance of OB,
becomes actual at 7 > 40 K [17]. But the low-
energy oscillations of the BW-type get excited at

lower temperatures. Therefore the strongerthe
interaction of excitons with these oscillations,
the lower the temperature of OB appearance is.
We notice that the frequency region where OB
is possible in 2H-Pbl, crystal is rather narrow
(1.7-3.5 ecm™), like in the case of Hgl, crystal.
The linear exciton-phonon interaction in these
crystals is characterized by a similar value of Fj
constant [9], though the OB in Hgl, has been
observed at lower temperature (25K; its
decrease produces decreasing Aw [7]). None-
theless, this temperature is still higher than the
excitation point of optical phonons in this crystal
(12 K). This indicates that the nonlinear exciton-
phonon interaction in Hgl, is weaker than that in

Pbl,, whose structure is “more layered” [17].

0.5
T

023

Fig.2. Dependence of optical transmission at the corresponding reference frequency (see
Table 1) on the input light intensity for different values of nonlinear exciton-phonon inter-
action parameter fy: 0.0003 (a), 0.003 (b) and 0.01 (c).

Table 1. The limits for the frequency and temperature OB regions in Pbl, (7= 45 K).

fo wi W Wy T,, K T, K
0.0003 -0.00348 -0.00313 -0.00335 39 110
0.003 -0.00345 -0.00310 -0.00331 37 115
0.01 -0.00318 -0.00301 -0.003085 35 117

4. Conclusions

The temperature region where the OB appears in
the LC with efficient exciton scattering by the
BW is notably wider, when compare with the
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corresponding region for isotropic crystals. This
allows one to suggest that the cavityless intrinsic
OB should be more accessible for the former
crystals, though at the cost of narrower

frequency region.

Ukr. J. Phys. Opt. 2006, V7, No2



References

1.

10. Nitsovich B.M., Krechivskii

11. Nitsovich B.M., Krehivskii

Gibbs H.M. Optical bistability: controlling
light with light. Academic Press (1985),
512 p.

Ryvkin B.S. Fiz. i Tekhn. Polupr. 19 (1985)
3 (in Russian).

Rotaru A.H. and Tronchu V.Z. Fiz. Tverd.
Tela 40 (1998) 1810 (in Russian).

Bondarenko 0O.S., Lysak T.M. and
Trophimov V.A. Fiz. i Tekhn. Polupr. 34
(2000) 979 (in Russian).

Trophimov V.A Opt. Spektrosk. 92 (2002)
979 (in Russian).

Semenov A.L. and Sharapov M.Sh. Opt.
Spektrosk. 92 (2002) 967 (in Russian).
Miller D.A.B. J. Opt. Soc. Amer. B 1 (1984)
857.

Henneberger F. Phys. stat. sol. (b) 137
(1986) 371.

Brodin M.S., Blonskii 1.V, Blazhyjv V.S. et
al. Ukr. Fiz. Zhurn. 34 (1989) 178 (in
Russian).

O.V. and
Pestryakov G.M. Phys. stat. sol. (b) 150
(1988) 561.

O.V. and

Ukr. J. Phys. Opt. 2006, V7, Ne2

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Vivcharyuk V.N. Ukr. Fiz. Zhurn. 37 (1992)
1818 (in Russian).

Nitsovich B.M. and Zenkova C.Yu. Sov.
Phys. Solid State 38 (1996) 1626 (in
Russian).

Zenkova C.Yu., Zinchenko A.A. and
Nitsovich B.M. Phys. Solid State 43 (2001)
19 (in Russian).

Nitsovich B.M. and Krehivskii O.V. Phys.
Solid State 31 (1989) 19 (in Russian).
Brodin M.S. and Blonskii [.V. Excitonic
processes in layered crystals. Kyiv:
Naukova dumka (1986) 320 p. (in Russian).
Nitsovich B.M. Sov. Phys. Solid State 28
(1986) 2424 (in Russian).

Brodin M.S., Blonskii 1.V., Hryhorchuk N.I.
et al. Ukr. Fiz. Zhurn. 32 (1987) 393 (in
Russian).

Kramar V.M., Kramar N.K. and Nitsovich
B.M. Ukr. J. Phys. Opt 3 (2002) 97.
Lubchenko A.F., Nitsovich V.M. and Tkach
N.V. Phys. stat. sol. (b) 65 (1974) 609.
Nitsovich B.M., Zenkova C. Yu. and
Derevyanchuk O.V. Proc. SPIE 4607 (2002)
332-.

Tkach N.V. Ukr. Fiz. Zhurn. 24 (1789) 1785
(in Russian).

57



