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Abstract. Nonlinear optical phenomena in ferromagnetic semiconductor with dynamic grating created
by coherent light beams are investigated. A high-frequency current and nonlinear absorption coefficient
are calculated. It is shown that with increasing wave frec&uency, the nonlinear absorption coefficient
grows and reaches the maximum at frequency w=3-10'%s7!, and then smoothly decreases at higher
frequencies. Therefore, the second term of the nonlinear absorption coefficient is modulated with
coordinate. This proves that a dynamic grating emerges in ferromagnetic semiconductor.
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1. Introduction

Nowadays rapid development of electronic engineering,
holography and semiconductor infrared technology ini-
tiates further theoretical and experimental studies of
magnetic solids exposed to intensive high-frequency fields
of the coherent electromagnetic waves. Ferromagnetic
semiconductors (FMSC) are the most interesting materi-
als for this study.

The electron-magnon system of a FMSC acquires new
properties in a high-frequency electromagnetic wave field.
In particular, the effect of a high-frequency field on the
collisions of electrons with magnons and impurities be-
come important at frequencies of coherent electromag-
netic waves more than average carrier energy. This leads
to a number of new nonlinear and non-equilibrium ef-
fects reviewed in detail in [1].

On the other hand, the situation when several coher-
ent light beams (CLB) rather than a single beam are inci-
dent on a FMSC is of special interest. Interference effects
lead to new features of the interaction of a high-frequency
field with free carriers and magnons. Formally, the situa-
tion with a single and several CLB is different, since the
scattering probability of a carrier on magnons and impu-
rities in a sample illuminated by a single and several CLB
is spatially modulated. Besides, the transport equation

for electrons contains a spatial modulated force of the
high-frequency pressure of the optical field acting on free
carriers. Spatial modulation of the collision integral and
force caused by the high-frequency pressure on electrons
due to the interference effects can generate static and dy-
namic gratings in the system of non-equilibrium electrons
and magnons in a FMSC. The mechanism leading to the
formation of such gratings in FMSC was proposed in [2.3].

Currently, the FMSC with static gratings are under
intensive investigation. The transport (electroconducti-
vity) and optical (refractive index) phenomena in FMSC
with gratings have already been studied. These and other
phenomena are described in [4]. In [5] the light reflection
coefficient of the FMSC with gratings was calculated,
and it was shown that the presence of gratings leads to a
modulation of the light absorption coefficient in the
FMSC. Voltage-current characteristics of the FMSC with
gratings were investigated in [6].

In this work we have made the theoretical investiga-
tion of the dynamic grating on non-equilibrium electrons
and magnons in FMSC as well as the propagation and
absorption of the electromagnetic waves in FMSC in a
dynamical regime. The results obtained in the frame of
this work may be useful for elaboration of new recording
methods, for physics of dynamical holograms, infrared
semiconductor techniques, as well as the applications
mentioned above.
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2. System of quantum kinetic equations for
electrons and magnons

A wide-gap FMSC of the EuO type with an average car-
rier (electron) concentration 7y in an external constant
electric field F0||OZ in the spin-wave temperature range
is considered. Assume several CLB on the outer surface,

X =0 of the FMSC (Fig.1.), and the vector-potential of
the CLB’s given by the next expression

A(F,t) = z Aj cos(at - IZ]- M=o, ), and their frequency w

satisfies tﬂe inequality £ <<hw<<gy (€ is an average
carrier energy, £y is the gap energy). It follows that CLB
does not change the total number of electrons in FMSC
that can lead to a redistribution of their density in conduc-
tion band. Electrons are considered to be non-generate, and
their average energy € <<JS (J is the integral of s-d ex-
change, S isamagneticion spin).

This inequality makes it possible to confine our con-
sideration to a subzone with g =1 , so that the spin index
may be omitted. The effect of the high-frequency field on
electron-magnon collisions can be observed by a method
used in [7.8]. Moreover, we shall assume that the direct
effect of the magnetic field of CLB on magnons is weak
as compared with the electron-magnon interaction.

In the general case, the kinetic equations for electrons
and magnons should be the quantum ones, and we shall
derive them on the basis of quantum analogies of the mi-
croscopic distribution functions for electrons f and
magnons N in the Wigner representation:

o=\ 1 TS g )
f(r,G,t)—Vgex |kr}aé+h_2-aé_%,
~r . 1
(.0.0)= S eq-igtb* ob s W
2

where V' is the volume of FMSC, G = p- (e/c) (r t)
the kinematic electron momentum.

Ny

Fig.1. An interference picture created by two coherent light
beams.
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Then, from the motion equations for the operators f
and N with the full Hamiltonian of electron- -magnon
system in the field of CLB we have

hd—N = |h —+ [N H]
dt

after calculation of the commutations in (2) and averag-
ing the products of these operators on density matrix of
the electron-magnon system of FMSC, we obtained a set
of quantum kinetic equations for ordinary distribution
functions of electrons f |, é,t and magnons N (F, ﬁ,t) .
This set of quantum kinetic equations for electrons and
magnons was obtained in [3,4] and has the following form:

hi—lh—+[f H]
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((kt)qut IN(F.Lt')x
x(L+N(F,2,t" )1+ N(F,3.t'))]x

o1 O
xexpE—E((vr + g oy~ —w3) t_t)E ©)
In this equation the following values are:

Jn (x) is the Bessel function,

Z 0y Ajrsin(kn +¢; )0
O

Dz Ajfy cos(k R+ )

Vi = Z (rlA XrlA )cos{( —ki )r‘+¢J }
I

It follows from the analysis of the equations (3) that the
high frequency field of CLB acts on the FMSC electron-
magnon system in two ways. Firstly, the electrons are af-
fected an additional pressure caused by the light (the third
term in the left part of Eq. (3)). Secondly, the integral of
electron-magnon collisions becomes a periodic function of
the coordinate I . It is this periodic variation of the light
pressure, along with the periodic dependence of collision
integral on coordinate I, that causes the formationin FMSC
grating of carrier density, electric field intensity, electron
and magnon temperatures, etc. For the first time, they were
discussed in [7,8]. The electrical and optical properties of
the FMSC with a static gratings have been recently [5-6, 9-
10], but FMSC with a dynamical grating has not been in-
vestigated up to now.

X5 —arctg

3. Optical properties of FMSC with a dynamic
grating

In this work we consider the dynamic grating— the grat-
ing coupling with the terms s = 1 and s = —1 from the
distribution functions of electrons f |f,G,t | and magnons
N (F, g ,t) time dependencies which can be written as

t(F.G.1)= +zooe‘S‘*"f(S)(r“,é,t)

S=-00

(r.q,t) gmat y (m a.t). 4
3

If the inequalities

hiw>>T >>fiVegy» @ >>Pk/m, w>>eFRy/P, w>>171
are valid, we may omit in the electron-magnon collision in-
tegrals all terms f (S)KF, é,t) and N (m)(F, G,t) with
s#0, m#0 and in the left part of kinetic equation for
electrons (3) and magnons omit small terms and for the har-
monics of the electron distribution function obtain the next
equation
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Now we consider the left part of the equation (5). To
content the term of s=+1 at the series of (4) we obtained
(we suppose that f (1) (* Gt)=f (x1) (r G) as these ampli-

tudes are very slowly changing functions of time ¢ ~ o™1)
TLEY it 19 6) (©)

Similar calculation for the term with s= -1 gives
of |F,G,t

s Siwe ¢ f ('1)(r,é)- @)

Using f © )(r G) <<1 (this takes lace at the moder-
ate electron concentrations) and N© ) >>1 (this take
place at the moderately low temperatures) as well as put
successive (7) and (8) to (5) we obtain
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a.n
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When we have the expression for the harmonics of the
electron distribution function, we can investigate the dy-
namical processes in FMSC. For this purpose, let the func-
tion be given as

ff.Gt)= e« ([, G)+ et 1 (D G). (10)

After substitution (9) and (10) to the (11) and limiting
the only one- and two-photon processes (/ = 1,2) the next
expression for the HF-part of first harmonics of the elec-
tron distribution function (11) can be obtained

O, a)x
i) O 6)x

f ( Gt)~%qzrl|lem
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X
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X

x[d €G- ~€G T Wg+i-Wg ~ Ihw)
—Olegp ~Eg T W4n-Wg +Ihw) 11
Using a well known equation
¢X -e™X =2isnX,
we may rewrite (11) as the following
LlFGt)= S (@) N O
BT
xNOF,g+7ff (0)(r,é - rl)— 1O, G}
2 _
% et
=1 hw
e e
x D]zEmCTyrl E‘ 2-1 Jl—lEmTyrl %V
xsin wt Xg
x[dleg-g —sé +Wg+f, — Wy —Ihw)—
-0 EG-r, ~€G t Wgi ~Wq +Ihco)]. (12)

Now we calculate the HF-current, which is determined
as
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enF

iFt)=- J’Gf (r G t)dG 13)
In the linear approximation for A the HF-current can
be expressed as

i(Ft)=- en(r) (14)

J'Gf F.G.thG

Substituting (14) into (13)), limiting by the only one-
photon processes, assuming that A; [ Fo and under in-
fluence on the FMSC surface of two waves with A
when there are two symmetrically oriented beams w1th
le = k2X1 klZ = _kZZ , WC obtain

-l e’n(r i O
h(r2w)=- 2rr$c) %_ at)H

XZA]GX ii(EjF+¢j},
J

(14)

where

2:7

T(hw):ifn U 5 ‘/E .
a®rmm2T2 V 7w

Thus, the dependence of | j onthe coordinate r can be
used to determine the dynamic grating in FMSC crystal.

This grating coupling with the electromagnetic wave
absorption coefficient of FMSC crystal oy is determined
by the HF-current and can be written as[11]

8’ /Js
r(hw)=—6 R
a’mmsT< Viw

where £q and L are the dielectric and magnetic suscepti-
bilities of the FMSC crystal, respectively; A, is average on
the period of CLB ofthevalue A;<.....>is theaveraging
on the period of CLB.

The second term of the approxnnatlons of the HF-
current 13(+ o.)) is proportional to A and its compo-
nents on the axis js; (+ w) can be wrltten as

H «

60nwT hco)m weO

222(: E:Zexp[ kr— ]

cos[(kjr —kjn)?+¢j: -9l

(15)

ja (Frew)=-i

(16)
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This current is responsible for the nonlinear absorption
of the energy of the electromagnetic wave on the funda-
mental harmonic of the electron distribution function. At

A O FO ,in the case when only two symmetrically oriented
CLB with A1||A2 Kix = Koy,Kiz = —Ko; , the expression for

j3(F £w) is very simple and the coefficient ¢ o can be writ-
ten in the form:
a. = 4nn0e2 N
¢ 3mew?r (h w),/souo
2
x{1- M X
1Omc2hw
<[SL+ 22 4 2005(2ky, 2+ 41 - 42 ) (1

A

The first term in (17) is associated with the electro-
magnetic wave absorption coefficient of free electrons in
the quantum frequency range, and the second term is the
nonlinear response of the absorption coefficient of weakly
wave. The peculiarity of the second term is the depend-
ence on coordinate z, which rises from the dependence of
the intensity of the electromagnetic wave passed through
a FMSC crystal. Thus, the presence of the dynamic grat-
ing leads to the modulation of the light absorption coeffi-
cient of FMSC crystal that can be detected by the changes
of the outgoing intensity of the sensing wave passed
through FMSC crystal. This result can be illustrated like
that. Let weakly electromagnetic wave

E(zt)= Eo(2)expli(wot — koz). (18)
propagate in FMSC. Its amplitude Ed after passing
through the FMSC crystal with thickness d is as follo-

wing

2re nl(z)d E
B vEoHo mcwog

As it follows from the (19), the parameters of the dy-
namic grating in FMSC are to be determined by the
changes of the outgoing intensity of the sensing wave (18)
passed through the FMSC crystal with a thickness d .

Now we shall investigate frequency dependence of
absorption coefficient. In Fig.2, the frequency depend-
ence of absorption coefficient is plotted.

Fig. 2 shows that with increasing frequency, the
nonlinear absorption coefficient grows, reaching a maxi-
mum at the frequency w=3-10'2s7!, and further smoothly
decreases. This result can explain the influence of the dy-
namic grating of electron concentration on the processes
of propagation and absorption of electromagnetic waves in
FMSC.

Eq = Eo exp{—aed/2}exp[| 19)
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Fig.2. Frequency dependence of light absorption coefficient
(x=wlwy, y=2002s7).

Conclusions

As it follows from our discussion, in FMSC coherent light
beams produce a dynamic grating, which is determined
by high-frequency current and described by the high-fre-
quency harmonics of the electrons distribution functions.
This dynamic grating couples with the light (infrared)
absorption coefficient of FMSC crystal. This coefficient
consists of two terms. The first term is the infrared light
absorption coefficient of free electrons in the quantum
frequency range. The peculiarity of the second term is
the dependence on coordinate z, that can be manifestation
of the dependence of electromagnetic wave intensity, trans-
mitted through a FMSC crystal. The presence of the dy-
namic grating of electron concentration essentially changes
optical properties of FMSC crystals. For example, at the
increasing of weakly wave frequency, the nonlinear absorp-
tion coefficient grows, reaching a maximum at frequency
w=3-10"2s7!, and further smoothly decreases with higher
frequencies.
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