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In communication processes, amplitude modulation is very helpful to
save power by using a single band transmission. Thus in this paper authors
have explored the possibility of amplitude modulation as well as demodu-
lation of an electromagnetic wave in a transversely magnetized electrostric-
tive semiconductor. The inclusion of carrier diffusion and phenomenological
damping coefficient in the nonlinear laser-semiconductor plasma interaction
adds a new dimension to the analysis present in this paper. This problem
is analyzed in different wave number regimes over a wide range of cyclotron
frequencies. It is found that the complete absorption of the waves takes place
in all the possible wavelength regimes when the cyclotron frequency (w¢) be-
comes exactly equal to (v2 + w3)¥/? in absence of damping parameter. It
has also been seen that diffusion of charge carriers modifies amplitude mod-
ulation and demodulation processes significantly. The damping parameter
plays a very important role in deciding the parameter range and selecting the
side band mode that will be modulated by the above-mentioned interaction.

PACS numbers: 52.35.Mw, 72.50.+b, 66.30.—h

1. Introduction

Modulational instability of propagating beams has been a field of interest
since the origin of physical optics with its concentration of diffraction and wave
guiding processes. This is due to the fact that the scattering of light from sound or
low frequency electromagnetic wave affords a convenient and widely used means of
controlling the frequency, intensity, and direction of an optical beam [1]. This type
of modulation makes possible a large number of applications involving the pulse
shaping, optical beam deflection, display, and processing of information [2, 3]. The
fabrication of some optical devices such as acousto-optic modulators is based on
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the interaction of an acoustic wave or a low frequency electromagnetic wave with
the incident laser beam.

The problem of propagation of optical radiation in crystal in the presence of
an electric field or acoustic strain field has been an active area of research especially
when modulation of light beam is produced by sound waves. It is a well-known fact
that, when an unmodulated electromagnetic wave propagates through a plasma
with periodically varying parameters, it gets modulated in amplitude. This peri-
odic variation in propagation parameters may be induced by the propagation of an
acoustic wave in plasmas [4]. The propagation of an acoustic wave in plasmas leads
to the periodic variation in its electron density, which further leads to modulation
at the acoustic wave frequency.

Amplitude modulation is commonly encountered as a preliminary step in
many complex modulation schemes. One of the important problems in communi-
cation system is that of developing an effective method for modulation as well as
demodulation of waves. This often makes for maximum simplicity and economy,
particularly at low power outputs. The problem of modulation in semiconductor
plasmas has been studied by a number of workers [5, 6]. In nonlinear acoustics
an important field of study is amplification/attenuation and frequency mixing of
waves in semiconductors [7, 8] because of its immediate relevance to problems of
optical communication systems. The modulation of a laser beam produced due to
certain plasma effects in semiconductors was reported by Sen and Kaw [9].

Semiconductors also provide a compact and less expensive medium to model
nonlinear interactions which can be classified as modulational interaction. The
resulting amplification of decay channels produced by modulational interactions is
generally referred to as an instability of wave propagating in nonlinear dispersive
medium such that the steady state becomes unstable and involves into a temporally
modulated state [10]. In most of the investigations of modulational interactions
with nonlocal effects such as diffusion of excitation density that is responsible for
nonlinear refractive index change has normally been ignored. They assumed that
the nonlinearity arises from the nonlinear polarization locally. But in the case of
electrostrictive effect, the nonlinearity is solely due to the motion of free carriers
and therefore the effect is nonlocal. The high mobility of excited charge carriers
makes diffusion effects particularly relevant in semiconductor technology as they
travel significant distances before recombining. Hence the diffusion of carrier is
however expected to have a strong influence on the nonlinearity of the medium
particularly in high mobility semiconductors, viz. III-V compound semiconduc-
tors, in which carriers can easily be moved. Therefore, the inclusion of carrier
diffusion in theoretical studies of modulational phenomenon seems to be impor-
tant from both the fundamental and application points of view and thus attracted
attention of many workers in the last couple of decades [11-14]. Motivated by the
above discussion, in this paper, we have presented the electrostrictive amplitude
modulation of an intense electromagnetic beam in a strain dependent diffusive
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semiconductor crystal. The effect of diffusion of the charge carriers on this nonlin-
ear interaction of the laser beam adds a new dimension to the analysis presented in
n-type semiconductors [12]. The intense pump beam electrostrictively generates
an acoustic wave within the semiconductor medium that induces an interaction
between the free charge carriers and the acoustic phonons. This interaction in-
duces strong space charge field that modulates the pump beam. Thus, the applied
optical and generated acoustic wave in an electrostrictive modulator can produce
amplitude modulation and demodulation effect at acoustic wave frequency. It is
also found from the literature that the application of magnetic field is favorable
for the phenomenon under study.

2. Theoretical formulation

The hydrodynamical model of a homogeneous semiconductor plasma appli-
cable for the medium of infinite extent (i.e. kol < 1, where k, is the wave number
of acoustic mode and [ is the mean free path of electron) has been considered
for the theoretical formulation of modulation index of amplitude modulated laser
beam in n-type diffusive semiconductor plasma. The medium is immersed in a
static magnetic field (By) pointing along z-axis that is normal to the propagation
vectors of parametrically generated acoustic (k,) and the pump (ko) waves. Here
the low frequency perturbations are assumed to be due to acoustic wave (wa, ka)
generated through acoustic polarization in the crystal. The physics of the problem
can be explained as follows: the electron concentration oscillates at the acoustic
wave frequency due to electrostrictive potential fields accompanying the acoustic
wave. The pump wave then gives rise to a transverse current density at frequencies
wo and (wo £ w,), where wy is the frequency of the pump wave. The transverse
current densities produced at frequency (wo +w,) are known as side band current
densities. These side band current densities produce side band electric field vec-
tors and consequently the pump wave gets modulated. In the following analysis
the side band will be represented by the suffixes +, where + stands for the mode
propagating with frequency (wp + w,) and — stands for (wp — w,) mode.

The pump field Ej gives rise to a time-varying electrostrictive strain and is
thus capable of deriving the acoustic waves in the medium, with the strain given
by du/dx, where the deviation of a point z from its equilibrium position is u(z,t).
If the derived space charge field is E, then the net electrostrictive force in the
positive z-direction acting on a unit volume is given by [15]:

F (EoE?), (1)

20z a
and consequently, the equation of motion for u(z,t) in the electrostrictive semi-
conductor is given by
0%u 0%u ou v 0
— —Cc—=+ 2l p— = ——=—(EyE* 2
p3t2 0312 + ap@t 2650( 0Fa), (2)
where v is a phenomenological constant describing the change in the optical dielec-
tric constant and is typically of the order of 107! mks units [15, 16], p is the mass
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density of the crystal, ¢ the elastic stiffness constant, and I', the phenomenologi-
cal damping parameter of acoustic mode. * over a quantity represents its complex
conjugate.

This acoustic wave generated due to electrostrictive strain modulates the
dielectric constant and gives rise to a nonlinear induced polarization as

*

Pu= —yBo . ®
At very high frequencies of the field which is quite large as compared to the
frequencies of the motion of electrons in the medium, the polarization is considered

on neglecting the interactions of the electrons with one another and with nuclei
of the atoms. Thus, the electric displacement in the presence of electrostrictive
polarization P is simply given by D = e Es+ Pes [17]. Then the space charge field
FE, is determined by the Poisson equation as

0k,  me 'yE o%u*

or - e TelgE @
where ¢ is the dielectric permittivity of the crystal.

To compute the perturbed current densities in n-type semiconductor in the
presence of electrostrictive coupling, using Egs. (2) and (4) the authors obtained
the perturbed carrier density as

2peu [—k20%(1 — A?) + w? + 2w, T,
a evEy

, (5)

where A% = (y|Ep|)?/(2ce) is the dimensionless electrostrictive coupling coefficient
due to the electrostrictive interaction in the medium under study.

ny =

The electron momentum transfer equation including diffusion effect is

oY ; 0 e An;
aitj + <1908x> 19j + 1/19]‘ = _E [Ej + (ﬁj X Bo)] — Dv njj . (6)
The subscript j stands for 0, + and — modes. The above equation describes
the electron motion under the influence of the electric fields associated with the

pump and side band modes, in which m and v are, respectively, the effective

mass of electrons and the phenomenological electron collision frequency. n; stands
for the perturbed and unperturbed electron densities. D is the carrier diffusion
coefficient which may be expressed using Einstein’s relation D = (kgT'u1)/e in
which kg, T, i1, and e are the Boltzmann constant, electron temperature, electron
mobility, and electronic charge, respectively. In the above relation, the pump
magnetic field is neglected by assuming that the electron plasma frequency of the
medium is of the order of pump frequency.

The above momentum transfer equation shall be used to obtain the oscilla-
tory electron fluid velocity in the presence of pump electric field (Fy) and field of
the side band modes (Ey). By linearizing Eq. (6) these velocity components may
be obtained as
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and

Dvk? > We (8)

e
ﬂjyiiEEj <1+ (v —iw;)? + w?’
in which w, = (eBp)/m is the electron cyclotron frequency.
In deriving above equations, we have assumed an exp (i(w;t — k;x)) depen-
dence on the field quantities.
The total transverse current density in this medium is given by

2
“p

Jotal =€ | > _mo¥j + Y mdgexp (i(w;t — kyz)) | | (9)
J J
where ndg exp (i(w;t—k;z)) represents the current generated due to the interaction
of the pump with acoustic wave. In order to obtain the modulation indices of the
modulated side band modes, the authors use the general wave equation which
under the chosen configuration reduces to

82 Etotal 82 Etotal 8Jtotaul

_ — =0 10
a2 o Mo ’ (10)

where p is the permeability of the medium. Fioa will be given by
Eiotal = Ex(—ikz) + Ey exp(—i(k £ ko )x). (11)

Now neglecting exp (—ikx) in comparison to 1, we obtain the following expressions
for modulation indices:
Ey Qiwgepue(v — iwg) (ck2 A% + 2ipw, I,) 1 Dvk?
Ey  mBlw2+v?—u?) —i2wor)] (ka2 £ 2kk,) ( w2 ) ’

in which 8 = vFEy. In deriving above relation, we have assumed exp(—ikz) < 1.

(12)

This approximation is justifiable as k ~ 107 to 10® m~! and exp (—ikx) will remain
negligible for very high values of z.
By rationalization of Eq. (12) one obtains the real parts of modulation indices

as
jon 2wgepucks, |:CA2LL)0 (w2 —v? —wd) - 2"%’%((4}2 + 12+ w%)}
Ey mB[(w2 + 12 — w2)? + 4wdv?|(k, £ 2k)
Duvk?
X (1 + = ) . (13)
“p

From Eq. (13) it is clear that carrier diffusion plays a significant role in deciding
on the magnitudes of the modulation indices in semiconductor plasma.

3. Results and discussion
In this section the amplitude modulation and demodulation due to elec-
trostrictive interaction in the presence and absence of phenomenological damping
constant I, shall be analyzed through Eq. (13). Equation (13) may be analyzed
under two different wave number regimes, i.e. 1) k, > 2k and 2) k, < 2k.
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Case 1: k, > 2k

Case 1.1. In the presence of phenomenological damping constant (I'y #0)

In this wave number regime, the amplitude of the side band modes (Fy)
always remains in phase with the pump wave in the permissible cyclotron range.
These in-phase side bands interact with the pump wave under this wave number
regime to produce modulated acoustic wave. Hence in k, > 2k regime one can
always get modulation. The modulation index is found to be a maximum at a
particular value of magnetic field when w. ~ wy.

The numerical estimation has been made for an n-type I1I-V semiconductor
assumed to be duly irradiated by 10.6 um pulsed COs laser at 77 K. The phys-
ical parameters used are: m = 0.014mg (mg being the free electron mass), v =
4 x 101" s7 wy = 1.6 x 1013 57!, p =58 x10% kg m™3, I, = 2 x 1010 571,
w, = 1012 571,

The variations of (F4/Ep) and (E_/Ey) with the applied magnetostatic
field (w) are depicted in Figs. 1 and 2. In both the figures two curves are drawn;
the one — in the presence of diffusion (D # 0, ——) and the second — in the
absence of diffusion (D = 0, - - - -) of the carriers. It may be seen from Figs. 1
and 2 that the modulation indices of both the side bands increase with cyclotron
frequency up to w. < wg. These indices yield a maximum value at w. =~ wy. On
further increasing the magnetic field (w. > wo) they abruptly decrease. It may
also be inferred from these curves that the modulation indices of both the modes
get enhanced due to the presence of carrier diffusion.

(D #Z0)

(E/E) (1015)
-

(E/E) (1015)
+ 0

0 ! ! ! 0 L L L

Fig.1 (-)C(I(les") Fig.2 r,)((1()‘3S.1)

Fig. 1. Variation of modulation index of plus mode (for k. > 2k) with magnetic field,
when I, # 0.
Fig. 2. Variation of modulation index of minus mode (for k. > 2k) with magnetic field,
when I’y # 0.
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Case 1.2. In the absence of phenomenological damping constant (I'y =0)
In the absence of phenomenological damping constant Iy, Eq. (13) becomes

E: 2wiepuekacA? (w2 — v? — wj) (1 N Dykz2>
Eo mp |(w2 + 12 —wd)® + 4w3u2} (k, +2k) w;

P

For this case the variations of (E./FEy) and (E_/FEy) with the applied mag-
netostatic field (w.) are depicted in Figs. 3 and 4. It can be seen from Figs. 3 and 4
that at w. ~ wy the modulation indices of both the modes become zero. When one
applies weak magnetic field so that the cyclotron frequency becomes smaller than
the carrier frequency, both the modes are found in phase with pump wave. Hence
one gets modulation of both the side bands in the absence of phenomenological
damping when w. < wg. If one increases the magnetic field and achieves a range
where w, > wy both side bands go out of phase with pump wave and hence get
demodulated. This nature can be explained as follows: let us express the ampli-

(14)
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Fig. 3. Variation of modulation index of plus mode (for k. > 2k) with magnetic field,
when I'; = 0.
Fig. 4. Variation of modulation index of minus mode (for k., > 2k) with magnetic field,
when I's = 0.

tude ratio in the form (Ey/Ep) = —R. One can incorporate the negative sign in
phase factor as (Ey/Ey) = —Rexp(ir). It indicates that the modulated wave and
the pump wave has a phase difference of 7 or the two waves are out of phase. As
a result, the modulated wave again interacts with the pump wave to produce the
demodulated acoustic wave. Therefore, the phenomenon of demodulation takes
place. Thus, the authors can conclude that in the regime k, > 2k with w. > wy
and I, = 0, the phenomenon of demodulation can be observed. It may also be in-
ferred from these graphs that the carrier diffusion increases the modulation indices
but decreases the demodulation indices. It can also be seen that the modulation
index of the minus mode is always greater than that of the plus mode.
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Fig. 5. Variation of modulation index of plus mode (for k, > 2k) with magnetic field.

Fig. 6. Variation of modulation index of minus mode (for k., > 2k) with magnetic field.

To appreciate the role of phenomenological damping constant (I’,) on mod-
ulation/demodulation process, the indices of both the modes in the presence and
absence of I', are illustrated in Figs. 5 and 6. One may directly infer from these
figures that both the side bands are always in phase with pump wave (modulated)
in the presence of I',. But when I, = 0, these side bands are in modulated state
only when w. < wyp, otherwise (w. > wg) both are in demodulated state. Hence
phenomenological damping constant has a positive influence over this phenomenon
when k, > 2k.

Case 2: k, < 2k

Case 2.1. In the presence of phenomenological damping constant (I'y #0)

The variations of (F4/Ep) and (E_/Ey) with the applied magnetostatic
field (w.) are depicted in Figs. 7 and 8. It may be seen that the amplitude of the
plus mode is in phase with pump wave which confirms the modulation process.
The maximum value of the modulation index of the plus mode is achieved at
we & wp ~ 2 x 1013 s71. Figure 8 shows the variation of (E_/Ey) with applied
magnetostatic field (w.). The behavior of the modulation index of the minus mode
is opposite the plus mode in nature. Hence the minus mode is always demodulated
in this region. The carrier diffusion increases both modulation and demodulation
indices.

Case 2.2. In the absence of phenomenological damping constant (I'y =0)
Figures 9 and 10 show the variations of the plus (F /Ey) and minus (E_/Ep)
modes with magnetostatic field (w.). Here the amplitudes of the plus and minus
side band modes are found in phase with the pump wave under the condition
we < (W + )2 and we > (w + 1v?)'/2, respectively. For a particular magnetic
field (w.) if one gets modulation of the minus mode, the plus mode gets demodu-
lated and vice versa. Hence both the modes have opposite behavior in the k, < 2k
wave number regime. This is so because £ mode gets modulated at low magnetic
field when w. < (w? + v?)Y/? whereas E_ mode gets modulated in the opposite
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Fig. 7. Variation of modulation index of plus mode (for k. < 2k) with magnetic field,

when I, # 0.
Fig. 8. Variation of modulation index of minus mode (for k. < 2k) with magnetic field,

when I’y # 0.
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Fig. 9. Variation of modulation index of plus mode (for k. < 2k) with magnetic field,
when I’y = 0.

Fig. 10. Variation of modulation index of minus mode (for k. < 2k) with magnetic
field, when I', = 0.

condition. It can also be seen from both Figs. 9 and 10 that the carrier diffusion
coefficient always increases the magnitude of modulation indices for both the plus
and minus modes. At very high magnetic fields when w, > wp, v the amplitude
modulation starts decreasing whereas demodulation starts increasing. This can di-
rectly be inferred from Eq. (14) where the magnitude of amplitude-ratio becomes
inversely proportional to the square of the electron cyclotron frequency when w,
becomes quite larger than pump and collision frequencies.

The effect of phenomenological damping constant on the modulation process
has been depicted in Figs. 11 (plus mode) and 12 (minus mode) when k, < 2k. In
the presence of damping, the plus mode remains in phase whereas the minus mode
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is always out of phase with pump wave in the magnetic field range under study.
The absence of damping shows both types of characteristics, i.e. modulation and
demodulation for the plus and minus modes depending upon the relative magni-
tudes of cyclotron and carrier frequencies. For smaller values of magnetic field, the
plus mode is in the modulated state whereas the minus mode gets demodulated.
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Fig. 11. Variation of modulation index of plus mode (for k. < 2k) with magnetic field.
Fig. 12. Variation of modulation index of minus mode (for k. < 2k) with magnetic
field.

A direct dependence of the ratio of amplitudes on pump frequency wg and
the acoustic intensity w is observable from Eq. (14). However, in the vicinity
of the wave number range k, = 2k, authors find a singularity in the field ratio.
Lashmor-Davies [18] has explained the behaviour in this range and accordingly,
the decay instability takes place showing the absence of modulation. The authors
can compare the amplitude ratio for magnetized and unmagnetized plasma by
using Eq. (14) as

(E+/Eo)By0 _ 1 — w2/ (W + 1) "
(Ei/EO)BO:() 1+w2 w§+2(V2*wg .

c (uz—wg)2+4u2w§)

The numerator is always less than one but denominator can become either greater
or less than one depending upon weather w? > 2(wg + v?) or w? < 2(wd + v?),
respectively. The authors further divide their discussion in two parts: (i) when
w2 > 2w?, and (ii) when w? < 2w3.

Neglecting the collision term in Eq. (15), the amplitude ratio at w? > 2w?
becomes

(Bx/Eo)pyzo _ 1 — (we/wo)?

(BEx/Eo)By=0 1+ (we/wo)t’
A decrease in the amplitude ratio due to higher magnetic fields (at w? > 2w3)
(with negative sign) can be obtained from Eq. (16). As w?/w3 > 2, the numerator
becomes negative. Hence, one may conclude that the demodulation can take place
in this range of magnetic field.

(16)
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In the range of magnetic field when w? < 2w? the expression reduces to

(Ex/Eo)Bozo _ 1 — (we/wo)®

(Bx/Eo)py—o  1— 2wljwg
This ratio will be always greater than one and it can be inferred that the mod-
ulation of the wave can be increased by increasing the magnitude of externally
applied magnetic field.

The above discussion reveals that the amplitude modulation/demodulation
of an electromagnetic wave by an acoustic wave can be easily achieved in elec-
trostrictive III-V semiconductor plasma medium. It is also found that the damp-
ing plays a very important role in deciding the parameter range and selecting the
side band mode, which will be modulated by the above-mentioned interaction.
The presence of carrier diffusion alters the result favorably. It always increases the
value of modulation/demodulation indices for both the modes around w. &~ wy.
The consideration of a diffusive crystal with electrostrictive polarization thus pos-
sibly offers an interesting area for the purpose of investigations of different modula-
tional interactions and one hopes to open a potential experimental tool for energy
transmission and solid state diagnostics in electrostrictive diffusive crystals.

(17)

References

=

R. Muller, Phys. Status Solidi B 150, 587 (1988).
A. Kumar, P.K. Sen, Nonlinear Opt. 28, 155 (2001).

] R. Paiella, R. Martini, F. Capasso, C. Gmachl, H.Y. Hwang, J.N. Baillargeon,
D.L. Sivco, A.Y. Cho, E.A. Whittaker, H.C. Liu, Appl. Phys. Lett. 79, 2526
(2001).

M.S. Sodha, C.J. Palumbo, Can. J. Phys. 42, 1635 (1964).

A. Neogi, J. Appl. Phys. 77, 191 (1995).

Giriraj Sharma, S. Ghosh, Fur. Phys. J. D 11, 301 (2000).

Pradeep K. Gupta, Pranay K. Sen, Nonlinear Opt. 26, 361 (2001).

P.K. Gupta, P.K. Sen, J. Non. Opt. Phys. Mat. 10, 265 (2001).

A. Sen, P.K. Kaw, J. Phys. D 6, 2091 (1973).

G.P. Agarwal, Nonlinear Fiber Optics, Academic Press, Boston 1984, Sect. 5.
D.R. Anderson, Phys. Rev. A 37, 189 (1988).

A. Neogi, K.P. Maheshwari, M.S. Sodha, J. Opt. Soc. Am. B 11, 597 (1994).

P. Vartharajah, J.V. Moloney, A.C. Newell, E.M. Wright, J. Opt. Soc. Am. B
10, 46 (1993).

[14] P. Vartharajah, A.C. Newell, J.V. Moloney, A.B. Aceves, Phys. Rev. A 42, 1767
(1990).

[15] A. Yariv, Quantum Electronics, 3rd ed., Wiley, New York 1988, p. 477.
[16] J. Stratton, Electromagnetic Theory, McGraw Hill, New York 1941, p. 151.

=S

© o 9o o e

©

1
[1
[1
[13

= O

L e = N A A=A S}



40 S. Ghosh, Nishchhal Yadav

[17] L.D. Landau, E.M. Liftshitz, Electrodynamics of Continuous Media, Pergamon
Press, Oxford 1963, p. 337.

[18] C.N. Lashmore-Davies, Phys. Fluids 19, 587 (1976).



