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The influence of intense laser radiation (coherent light beams (CLB)) on refractive
index of a ferromagnetic semiconductor (FMSC) has been considered. It is shown that
under CLB, in FMSC the grating of a refractive index takes place. A model explaining this
effect is proposed. The relevant theoretical calculations have been carried out confirming
the new phenomenon, appearance of refractive index grating in FMSC in a field of CLB.

PaccmoTpeHo BIMsHNE WHTEHCHUBHOI'O JIa3ePHOro O00JayueHHsA (KOTepPeHTHBIX CBETOBBIX
nyuykoB, KCII) Ha moxasaTesb mpesoMJaeHUS (eppoOMAarHUTHOTrO mosymnpoBomgHuiKa (PMIIII).
ITokasano, uro mox BoszgeiicrBuem KCII B @MIIII BosHMKAaeT pellleTKa IMOKa3aTess MPEeIOM-
genus. IIpemioxxena Monaendb s O0bACHEHHSA 5TOro spdexra. BBIMOJIHEHBI TEeOpeTHUUYECKUe
pacueThl, MOATBEPI;KAAIONNE HAJUUYNE HOBOIO sa(pdeKTa — IMMOABJIEHUS PeIleTKH II0KasaTess

npenomiaenus 8 @PMIIII B mone KCII.

The optical properties (e.g. refractive
index, absorption coefficient, light reflec-
tion coefficient) of a material become spa-
tially modulated in the interference region
of some intense light waves [1]. Permanent
gratings have been produced in this way by
photographic processes for many years. The
experiments of Wiener [2] providing the
first demonstration of standing light waves,
the use of this effect by Lippmann [3] one
year later in the earliest color photography
process, and various holographic experi-
ments [4] can be mentioned as examples.
Recently, the concern to other kind of laser-
induced structures — dynamic or transient
gratings was boosted. These gratings disap -
pear after the inducing light source, usually
a laser (coherent laser beam (CLB)), is
switched off. Such gratings have been ob-
tained in a large number of solids, liquids
and gases, and are detected by diffraction
of probing beam or by self-diffraction of
the light wave inducing the grating. As to
technical applications, the laser-induced
transient gratings can be used in hologra-
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phy for real-time processing of optical
fields. In recent years, this subject has re-
gained interest because of the demonstra-
tion of phase conjugation or time-dependent
reversal of optical wave fronts [5]. Using
this process, it is possible to design self-
adaptive optical systems which compensate
time-varying phase distortions in high-gain
laser oscillators and amplifiers, or in opti-
cal transmission lines through atmosphere,
water, or optical fibers.

Among laser-induced transient gratings,
of a particular interest are the gratings on
free carriers in FMSC. For the first time,
such gratings in FMSC were considered by
one of the authors [6, 7]. These gratings are
nearly perfect and almost inertia-free (their
inertia is defined by the relaxation times of
electrons and magnons). Since gratings in
FMSC have those specific properties and
also since the parameters of such gratings
can be controlled by applied electric fields,
the FMSC with laser-induced gratings are
of great interest in the physics of dynamic
holograms and also as tools suitable to
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study the properties of non-equilibrium
electrons and magnons by highly sensitive
optical methods.

In this paper, the influence of intense
laser radiation (coherent light beams (CLB))
on refractive index of a ferromagnetic semi -
conductor (FMSC) has been considered. It is
shown that under CLB, in FMSC the grating
of a refractive index takes place. A model
explaining this effect is proposed. The rele-
vant theoretical calculations have been car -
ried out confirming the new phenomenon,
appearance of refractive index grating in
FMSC in a field of CLB.

Let a wide-band donor FMSC of EuO type
be considered having an average carrier
density ny in the spin wave temperature
range. We shall consider an applied static
heating electric field F(|OZ and assume several
CLB incident onto the outer surface x = 0 of
the FMSC to have the following vector po-
tentials within the FMSC:

A(r,t) = z Ajcowt — kir). (eY)
j

We shall also assume that the frequency

w satisfies the inequality € <<hw <<g, (€ is
the carrier average energy; €g» the band
gap). In this case, as is known [6], the in-
terference of CLB creates on the FMSC sur -
face an interference pattern, that is, peri-
odical alternation of light (maximum of the
CLB intensity and field strength) and dark
(minimum of the CLB intensity and field
strength) areas as is illustrated in Fig.

Let us consider how the phenomenon may
effect the FMSC refractive index. In light
areas, the CLB electric intensity will be
maximum while in dark ones, minimum. As

the CLB quantum energy is Aw < €g) there
are no oscillations of charge carriers (elec-
trons) under CLB, so their redistribution is
observed only. Those will move out of light
areas and accumulate in dark areas, so cre-
ating the positive charge areas and negative
charge ones. An electric field arises between
the areas of positive and negative charge.
Under its influence, a strain occurs in the
FMSC crystal lattice. Due to that strain,
the light will be propagated through one
area faster while through another, more
slowly. As a result, the refractive index
also will be changed periodically. Thus we
obtain a spatially periodic laser-induced
structure, a grating of the FMSC refractive
index. The laser-induced refractive index
grating will be shifted in space by a quarter
of period as compared to the interference
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Fig. Interference pattern from two CLB when
they illuminated the front surface x =0 of a

FMSC sample. (L = A\/2sinU is the period of
interference pattern).

pattern created by CLB on the FMSC sur-
face. Now we shall carry out the relevant
analytical calculations confirming the new
light refraction effect in FMSC i.e., forma -
tion of a laser-induced refractive index
grating.

It is known that all substances are char -
acterized by a complex refraction index N,
which determines the light speed reduction
in a substance in comparison with that in
vacuum:

N = Vep, (2)

where € and [ are the FMSC dielectric per-
mittivity and magnetic permeability, respec -
tively. Note that € and [P are related (in
linear approach) to properties of medium by
the following relationships:

eE=1+4my,, H=1+41K,,, 3)
where X, and X, are the FMSC dielectric
and magnetic susceptibilities, respectively.
Substituting (2) in (3), we obtain the follow -
ing expression for the complex refractive
index:

N2 = (1 +47mK,)(1 + 41K p). (4)

Now our task is to calculate the dielec-
tric permittivity € and magnetic permeabil -
ity Y or dielectric X, and magnetic X;; sus-
ceptibilities of a FMSC. Before to start the
calculations, it is necessary to take into ac-
count what follows. In FMSC, any volumet -
ric redistribution of current carriers of
(electrons) also causes, due to a strong cou -
pling between electron and spin subsystems,
in local changes of the spin subsystem. On
the other hand, the state of conduction elec -
trons in a FMSC crystal under CLB not only
influences the spin subsystem (magnons),
but also depends thereon. Therefore, if we
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consider influence of an external high-fre-
quency electric field of a CLB E (k W) on
conduction electrons in FMSC, 1t is neces-
sary to take into account that it not only

gives rise to an internal electric field F(k,w),

but also changes the magnetic subsystem
state. Thus, the effective electric field act-
ing on a conduction electron in the FMSC
volume consists of two fields: internal elec-
tric field F(k,w) = £ !(k,wE(k,w), which is
controlled in a FMSC crystal by an external
high-frequency electric field of CLB, and a
field causing changes in exchange of elec-
trons with magnetic atoms due to changes of
their state under an electric field. In the ele-
mentary case, the change in magnetization
components under an external field is related
to its strength by a linear relationship

M(k,w) = /\(k,w)Ej(k,co). (5)

The effective field, f‘c(k,co) acting on an
electron with the spin projection o is

Follow) = Flo) - M yo= ©
= 51 (5 W)E (k,0),

where the following notation for electron
spin dependent permittivity is used:

B (k,0) = el - L2 (D

It is obvious that the quantities &(k,w)
and §c(k,w) differ in physical sense. The
first, €(k,w), characterizes an internal elec-
tric field acting on a spin-free particle
while the second, go(k,(.o), a field acting on
a conduction electron with a certain spin
orientation. It follows therefrom, in par-
ticular, that ions composing FMSC are in-
fluenced by other field than the conduction
electrons.

Thus, to describe the state of conduction
electrons in FMSC, it is necessary to know,
besides of the usual permittivity e(k,w),
also a permanent-magnet permittivity
NA(k,w) (nondiagonal response function). For

an effective FMSC permittivity, 50:1 it is
2

possible to obtain the following expression [8]:

2

- X 3

€,21 = go[(1 - ) + =£].

0—2 0[( 0) qz]
As it is seen from the last equation (8),

the quantity 80_ differs from the corre-

sponding quantity characterizing an inter-
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nal electric field in an antimagnetic crystal
by that it contains the feedback function
- Its occurrence can be explained by exist-
ence of positive feedback between a mag-
netic moment and electric field in a FMSC
crystal. Really, for example, the field of the
ionization donor increments an electron
concentration in its neighborhood, and
thus, the ferromagnetic interatomic connec -
tion will increase as well as the magnetiza -
tion. This, in turn, reduces energy of an
electron in a neighborhood of the donor,
forcing it to approach even more to to the
donor, etc. Thus, if the quantity [, can be
neglected, a FMSC, for want of examination
of its optical properties, can be considered
as the usual nonmagnetic semiconductor.
This can be done for unregenerate FMSC in
spin-wave temperatures when

8T (9)
2vup

Mg =

Taking this circumstance into account,
we now shall initiate with calculation of
FMSC permittivity in a high-frequency field
of CLB, abstracting from its magnetic prop -
erties. For calculation, we shall use the
known Lorentz model of a harmonic oscilla -
tor. In this model, a medium is considered
as plurality of some number of one-electron
atoms. The movement of an electron in
atom is characterized in approximation of
elastic interaction of an electron with a nu-
cleus. The interaction force is considered to
be proportional to the electron displacement
(bias) from its position in the atom in absence
of an external field: f = —qr. Here ¢ (¢ > 0) is
the coupling constant, and the negative sign
means that the elastic force, which arises
for want of the electron bias of an, is di-
rected oppositely to bias. The electron in-
stantaneous coordinate r in the absence of
action of force fp = —eE, caused by CLB in-
fluence, is determined from the second
Newton’s law:

dt2 =1+ e (10

where m and e are electron mass and charge,
respectively. Taking into account in (10) also
a force braking the electron, f, =2yr (y is
some constant factor), we obtain:

dr

w2t 2y + W)r + —E 0, (11)

where 0§ = g/m.

161



O.Yu.Semchuk et al. / Refractive index of ...

The electric intensity of a light wave E,
propagating within the FMSC volume, fol-
lows from Maxwell equations. Being re-
stricted for simplicity by one-dimensional
case, we obtain the following equation for
determination E, which follows from com-
bined Maxwell equation:

’E _¢ %E (12)

where the permittivity of FMSC, g, is de-
fined by the dipole moment induced by the
light wave field:

€ = +ATd/E. (138)

In the frame of Lorentz model, the dipole
moment P is equal to product of electron
charge (—e) and its bias r, which is charac-
terized by the equation (11), multiplied
with the electron concentration n:

P = —ner. (14)

Thus, the equations (11) and (12) form
combined equations for determination of
r(t) and E(t). By direct substitution, it is
possible to be convinced that such solution
will be the following expression:

E = E(w)ei® + h.c.

eE(w)
m(wg + 2iyw - wz) h.c., (15)

r =

where h.c. means a quantity complex to a
conjugate first addend.

Substituting (15) into (13), it is possible
to obtain the obvious expression for polari-
zation vector P:

neZE(w)ei®?) (16)
m(w(z) + 2iyw — D) + h.c..

Substituting (16) into (14), we obtain the
following expression for FMSC permittivity
at frequency w

P=

gw =1+ —(oo(z) + 2iyw — W)L, an

The FMSC refractive index change AN in
a field is easy to obtain from the (17) under
conditions of w > wy, w> 2y:

___ne? (18)
ANmw?’

Hence, any redistribution (or the change)
in concentration of charge carriers (elec-
trons) in semiconductors (including FMSC)
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results in a refractive index change. Thus,
the occurrence of a laser-induced grating of
carriers concentration in FMSC should re-
sult a laser-induced refractive index grat-
ing. As is known [1] , under certain condi-

tions (€ <<k w<<g,) in FMSC volume, as

well as in any other semiconductor, CLB
redistribute the charge carriers, creating a
static laser-induced grating of charge carri-
ers concentration. Or else, in this case, the
charge carrier concentration can be written
as [6]:

n =ny(l + & cos2ky,z + &ysin2k,2) (19)

(k;, is the CLB wave vector inside of FMSC).
Now, using (18) and (19), we obtain the
following expression for AN,

ezno(l + & cos2k ,z + Ezsm2k122) (20)
2Nmw?

Thus, it follows from (20) that the
change of the FMSC refraction index due to
redistribution of charge carrier concentra-
tion (electrons) in a field of CLB will be
modulated in space under the periodic law,
that is, a CLB interference pattern forms in
FMSC a laser-induced grating of refractive
index.

Now we shall consider, as the FMSC
magnetic subsystem state will influence its
refractive index. Let us consider a FMSC,
exhibiting in external stationary electrical
field Fol|0Z both magnetic fields Hy|F, and
a weak variable homogeneous magnetic field
h = hycosw,t perpendicular to Hy. The com-
ponents of the effective magnetizability ten -
sor X in such FMSC far from resonance are
considered in detail in [9], where the follow -
ing expression has been obtained for Hermi -
tian component of this tensor:

2
wluwoulegg[emu (21)
om3bg & ¢
wHop @M? 0,
R(2H)3MO|:@ T 3
)\1 ﬁ GZVZD]

Here wy = 2W,Ho(1 + PgHo/My), M, is
the Bohr magneton; [3;, the anisotropy con-
stant; v,, the sound speed; p, the FMSC
crystal density; R and A are the numbers, ©
Op the Curie and Debye temperatures, re-
spectively; ©,,, the magnon temperature.

The complex refractive index of FMSC,
N, in this case be defined as

Imy,., =

x[1+
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= (1 + 41%,)(A + 41%,,(©,,))

and, as it follows from a ratio (21), becomes
the function of magnon temperature.

Now we shall look, as the presence of a
laser-induced grating of magnon tempera-
ture will influence the FMSC refractive
index. In the presence of interference field
of CLB magnon temperature, ©,,, as it was
shown in [6], can be written as

0, =T + T, = (22)
= TO)(u, + Hycos2k, 2z + Uysin2k, ,2).

Using (21) and (22), it is easy to obtain
a resultant expression for refractive index
of FMSC with a laser-induced grating of
magnon temperature:

2
+ 4 EMOD B3
0|jH0|] (emPHe

ies

0

0
R(ZT[)SM 0o, D T D + Hg + Hycos2k,,
)\ B2 OSQ_D pa VZH" + W,sin2k, 2

Thus, as it follows from (23), in FMSC
with a laser-induced grating of magnon
temperature probably the refractive index
nonlinearity causes the nonlinearity of a
FMSC magnetizability and refraction index
oscillations should be observed, which will
result in occurrence of complementary dark
domains. To conclude, as a result of the
examinations, it is shown, that there are at
least two formation mechanisms of refrac-
tive index nonlinearity in FMSC: (i) the re-
fractive index changes caused by redistribu -
tion of free electrons in an interference

[\’J

(23)

oo

€

tEHEd00oo

DDDN

field in FMSC; and (ii) the refractive index
nonlinearity caused by nonlinearity of
FMSC magnetizability. The contribution
form each of these nonlinearity mechanisms
depends on various factors (concentrations
of electrons, the spontaneous magnetization
value, heating degree of carriers and mag -
nons, etc.).

On completion of this work, we shall con -
duct some numerical valuation. So, for ex-
ample, if the concentration of carriers is
assumed to be about 1015-1016 cm=3,
T = 0.50021 J, w=5001%s71, and the
CLB electric intensity 1000 V/cm, it has
been obtained for typical FMSC such as EuO
[8], that the modulation depth of the laser-
induced refractive index grating may attain
1-3 % and it can easily be observed experi-
mentally for optical measuring.

References

1. H.J.Eichler, P.Gunter, D.W.Pohl, Laser-In-
duced Dynamic Gratings, Springer-Verlag,
Berlin, Heidelberg, New York, Tokyo (1985).

2. M.Born, E.Wolf, Principles of Optics, Per-
gamon, Oxford (1973).

3. G.Lippmann, Compt. Rend. Seanc. Acad. Sci.
Paris, 112, 274 (1891).

4. D.Gabor, Nature (London), 161, 77 (1948).

5. B.Ya.Zel’dovich, N.F.Philipetsky, V.V.Shku-
nov, Principles of Phase Conjugation, Sprin-
ger Ser. Opt. Sci., v.42, Springer, Berlin,
Heidelberg (1985).

6. A.E.Levshin, O.Yu.Semchuk, P.M.Tomchuk,
Sov. Phys. Solid State, 28, 229 (1986).

7. A.Yu.Semchuk, L.G.Grechko, V.M.Ogenko,
Phys. Stat. Sol.(b), 157, 451 (1990).

8. E.L.Nagaev, Physics of Magnetic Semiconduc-
tors, Nauka, Moscow (1979) [in Russian].

9. 0.Yu.Semchuk, S.S.Rozhkov, Sov.Phys.Solid
State, 24, 1730 (1982).

Iloka3Huk 3adoMiIaeHHS (hepoOMArHiTHHUX
HANIBIPOBITHUKIB y MOJIi KOTEPEHTHUX CBITIOBHX IIyYKiB

0.10.Cemuwyx, B.H.Cemiowro, P.B.Bina,
Maznyc Binnandep, Maznyc Kapacmeen

PosriaayTo BUJIWB iHTEHCHMBHOTO JIa3ePHOTO OMPOMiHeHHS (KOTEePeHTHHX CBIiTIOBUX
nyukiB, KCII) Ha mokasHUK 3aJ0oMJeHHA epoMarHiTHoro HamiBmpoBigauka (PMHII). IToka-
3aHO, 1o mig smauBom KCII B @MHII BuHMKae rpaTka IOKAa3HUKA 3aJIOMJIEHHS. 3alIPOIIOHO-
BaHO MOJeJb IJsd TOSACHEHHS Ihoro edeKTy. BUKOHAHO TeopeTWUHi pPO3pPaxyHKHU, SAKi
MiATBEPKYIOTh HAABHICTH HOBOTO eheKTy — BMHMKHEHHS rpaTKa MOKa3HUKA 3aJIOMJIEHHS B

®MHII B moxi KCII.
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