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A theory is constructed of the photogalvanic effect in crystals without symmetry centers at high radiation
intensities. The interaction with the light is taken into account with the aid of a canonical transformation
[V. M. Galitski et al., Sov. Phys. JETP 30, 117 (1970), to new quasiparticles a and 8 with asymmetric
dispersion law g,7#€_,. The relaxation processes (collisions with phonons or impurities, spontaneous
emission) are described by the kinetic equations for the new particles. The distribution functions, which
are in equilibrium in the new representation, are not in equilibrium for the electrons and holes. Because
of the asymmetry of the dispersion law, the constant current does not vanish for equilibrium distributions
of the particles @ and 8, and exists also in the vacuum state of the new field. The photo-induced currents
do not depend on the relaxation parameters of the crystal and realize its transition into a nonequilibrium
and nondissipative current state. The energy balance of the crystal in the regime of nondissipative currents

is investigated.

PACS numbers: 72.40. +w

INTRODUCTION

Belinicher, Malinovskii, and the author!!’ initiated a
theoretical study of a new effect in solid state physics—
the photogalvanic effect (PGE). The gist of the new pheno-
menon is that in crystals without a symmetry center prac-
tically any disequilibrium of the electron-hole subsys-
tem leads to ordered motion of the carriers—to an elec-
tric current.

The most important class of crystals with the PGE
are ferroelectrics, in which the light-induced currents
produce fields up to 10°-10° V/cm and exert a substan-
tial effect on the physics of the ferroelectric phenomena.

The PGE due to asymmetry of elementary electronic
processes (scattering by impurities or phonons, photo-
ionization) was investigated in Refs. 1-3 in the relaxa-
tion-time approximation for the kinetic equation at low
light intensities.

The present paper deals with the case of large light
intensities, when the characteristic frequency of the
transition between the bands A=E*D,, (D,, is the matrix
element of the transition) exceeds the reciprocal times
T of the relaxation processes (interactions with phon-
ons or impurities, spontaneous emission, and others).
These intensities are easily attained in laser pulses.

The PGE in the region of strong light fields is of par-
ticular interest. Since the light-induced transitions pre-
vail over the relaxation transitions, the photogalvanic
current in the field of a circularly polarized wave turns
out to be independent of the relaxation parameters and
thus realizes a nonequilibrium and nondissipative cur-
rent state of the crystal. One can speak conditionally of
a phase transition in a ferroelectric at high light inten-
sities.

The simplest PGE models are obtained if relaxation
is completely neglected (§1), when the problem of inter-
band transitions in the RF field reduces to a two-level
system and is solved exactly with arbitrary initial con-
ditions. The dynamic PGE model obtained in this man-
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ner describes the current state of the crystal at times
t< T, A similar model was constructed for impurity-
band transitions. The collisions at longer times, gen-
erally speaking, causse the electrons (holes) to leave
the resonance region and decrease the PGE. A consis-
tent theory of the effect should be based on a rigorous
allowance for the slow mixing processes in k-space.
An appropriate technique was developed by Galitski‘i',
Goreslavskii, and Elesin.[¥! According to them, the
resonant part of the interaction with the RF field is in-
cluded in the zeroth-approximation Hamiltonian H,, i.e.,
it is taken into account exactly. The Hamiltonian H,, is
reduced with the aid of a unitary transformation to a
time-independent form and is diagonalized by a u, v
transformation. The introduced quasiparticles are
superpositions of an electron and a hole in the field of
the light wave and have in our problem an asymmetric
dispersion law

exTE k.

The photogalvanic current is expressed in terms of the
density matrix of the new particles (§2). In the first-
order approximation in I'/A, it is diagonal and satisfies
the standard kinetic equations.[*® The solutions of
these equations, which are in equilibrium in the new
representation, are non-equilibrium for the electrons
and holes. We emphasize that, owing to the asymmetry
of g,. the constant current does not vanish on the distri-
bution functions of the quasiparticles, which depend on
the energy ¢,, and exist also in the vacuum state of the
new field.

In §3 are obtained expressions for the photogalvanic
current; these expressions correspond to the cases I',,
>y and T, <<y, where y~! is the radiative-recombination
time and T',; is the frequency of the electron-phonon col-
lisions. These relations do not contain the dissipative
parameters of the crystal. In the limit y>T,, the ex-
pression for the current coincides with the one obtained
in the dynamic model. In the same section is considered
also the case of linear polarization of the pump wave,
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corresponding to a symmetrical law of dispersion of €,.
In this situation the PGE is due to the asymmetry of the
relaxation processes and appears in the next higher
order of perturbation theory in I'/A, when account is
taken of the off-diagonal elements of the density matrix.
The current due to the electron-impurity interaction is
calculated.

In 84 is considered the energy balance of the crystal
in the regime of nondissipative photogalvanic currents.

In §5 are estimated the values of the currents and the
possible experimental consequences of the considered
effect are indicated. )

A system of units with Z=c =1 is used throughout.

§1. DYNAMIC MODELS OF PHOTOGALVANIC EFFECT

We consider the interband transition induced by an RF
field

E=E,e~“'+ c.c.

The frequency w is taken close to the width A of the for-
bidden band. By virtue of the momentum conservation
law, in the absence of collisions each of the states of the
valence band is bound with one state in the conduction
band. Therefore the probability amplitudes of finding an
electron in the upper and lower bands, a, and b,, satisfy
the equations of a two-level system.’®) Assuming that a,
=0 and b,=0 at =0, we have

a.-w-—i&k— exp (i5xt)sin ext, -
ex
(1.1)
by = exp(—itit) ( cos e.t+i§—k—sin skt) .
k

Here ¢,=3(E] - E} — w) is the detuning away from reson-
ance,

A=t — ¢, kIPE, v, k (1.2)
mo

is the matrix element of the transition between the Bloch

wave functions

Ek’(ck’+|7~x|’)'l'. (1.3)

The starting point for the understanding of the origin of
the photogalvanic current is the asymmetry of the pa-
rameter \,:

|k %= |A].
In fact, the only general symmetry relation for the mo-
mentum matrix element, which follows from the sym-
metry properties of the Bloch wave functions ,=¢%,, is
(v, k| P|c, ky=—Cv, —k| P|c, —k>*. (1.4
For complex E,, i.e., for circularly polarized light, A,
has therefore an asymmetrical part!’-®

A =]Ae| 2 Ak ol [Ae]at=—]A]a (1.5)

In ferroelectrics characterized by a single polar vector
¢, the following expansion! is valid at small values of
the momentum (see also Ref. 2)

A=Eo(ac+ipk).
Here

] P=a?[eE[?, (1.6)

The asymmetry of A, means that the rates of the in-

|Ak]as>=aBkS, S=i[c X [EX E*]].
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terband transitions for the states k and -k, just as the
numbers of the electrons in these states, are different,
i.e., a current is produced. Assuming for simplicity
quadratic dispersion laws for the electron and the hole,
and assuming the masses of the holes to be equal:

Ek‘=—Ex'=A/2+£k°, 8k°=k2/2”lJ, (1.7)
we obtain from (1.1) for the photogalvanic current
e |Ml’ aP,go
= T dk 1.8
=y J oo (1.8)

The integral (1.8) can be easily calculated, and is deter-
mined by the resonant energy region &, ~\,. Taking (1.6)
into account, we obtain at small values of k,

jmo

s B
o ek, lc_EITS’ (1.9)

k, is determined from the resonance condition £, =0. A
characteristic feature of expressions (1.8) and (1.9) is
the square-root dependence of the current on the light
intensity, jocI2. When averaged over the light polari-
zations, j vanishes.

We can consider analogously the PGE due to photo-
ionization of deep impurity levels in the forbidden band.
The Schrédinger equation for the amplitudes a, and a,
of finding the electron on a discrete level of an asym-
metrical potential and in a continuous spectrum can be
solved by the Wigner-Weisskopf method.'® The solu-
tion describes the exponential decrease of the amplitude
a, in the time ¢~A"! and the asymmetric distribution of
the free electrons. In the considered situation, the PGE
becomes possible also when the light is linearly polar-
ized. This is connected with the need for using for the
asymmetrical potential exact wave functions containing
diverging or converging waves.®] In the case of circular
polarization of the light, the distortion of the Bloch func-
tions by the impurity potential is immaterial and the ex-
pression for the photogalvanic current takes the simple
form
(A |?>

j=eN vy, —————
J=elV Uk, <|l.k.|z> y

(1.10)
where N, is the impurity concentration, vy, =dey./dk, is
the velocity of the resonant electrons, and n=k/k; the
averaging is over the equal-energy surface e§=¢g,.
Formula (1.10) describes the total ionization of the im-
purity with asymmetrical distribution of the emitted
electrons. The value of the photogalvanic current, as
seen from (1.10), undergoes saturation. At low values
of k,, using the representation (1.6), we get

Bko S . (1.11)

1
j= — eNgvy, o
R AR

We note that the expressions (1.8) and (1.10) for the
photogalvanic currents reverse sign upon time reversal,
i.e., they agree with the general invariance properties
of the initial equations of motion.

The relations obtained for the photogalvanic currents
neglect completely the slow relaxation processes, and
thus describe only crystal current states that are
asymptotic for the times A~'< ¢< I'"!, That this descrip-
tion is unsatisfactory can be seen even from the fact
that the photogalvanic currents depend on the initial con-
ditions. Thus, the initial conditions a,=1 and ,=0 (all
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electrons are in the upper band) lead to reversal of the
sign in (1.8). In the sections that follow we shall use a
more rigorous approach based on a consistent allowance
for the small parameter I’/ of the theory. We confine
ourselves hereafter to interband transitions.

§2. CANONICAL TRANSFORMATION

Following the authors of Ref. 4, we include the reson-
ant part of the interaction with the RF field in the
zeroth-approximation Hamiltonian

Ho= Y {(8/24e) (@rtort bitbo) Hhaa*bote i boae), (2.1)

where a; and by are the electron and hole creation oper-
ators. We use next the unitary transformation(*!

U@t)y= exP{ - %Z‘ (ax*axt+by*by) }

to change over to a representation in which H, does not
depend on the time®:

H = Z Ee (@t et by boy) FIhal (@t bo b )
14

and diagonalize it with a u, v transformation

ac=uroxtvsfort, box=mP—v_rut,

/ 2.2)
ukz. U—kz=l/z(1i§x/8k) R ugv—k=l}wk I/2€k.

We ultimately get

H, =2 Ek(ak+ak+ﬂ_k+§_k). (2 -3)
The operators a,* and B _, are the operators for the cre-
ation of new quasiparticles o and 3 that are superposi-
tions of an electron and a hole. They satisfy the usual
anticommutation rules. The quasiparticle energy, equal
to gy =£_£=¢€,=(¢,2+ [x,J*)*/?, is not an even function of
the momentum. We note that in crystals without a sym-
metry center the energy gap [A,|, as seen from (1.5)
exists at all directions of the momentum k.

We now find the time-invariant part of the current
operator ¢(P -¢A)/m in the new representation:

{=—e Z de {—;: (1—n*—n_P)+ —I:::—I‘ (o Box*+Bowen) } .

e @.4)

3

the photogalvanic current is thus expressed in terms
of the single-particle density matrix of the new quasi-
particles. It satisfies the usual evolution equation with
a Hamiltonian that describes the collisions of the ¢ and
3 particles with phonons, impurities, etc. The Hamil-
tonians of the interaction with the phonons or photons
are given in the new representation in Refs. 4 and 5.
We present only the Hamiltonian of the interaction with
the impurities, which we shall need later. We start
with the expressiont!

Hipp =2 (e gretboibl e g ) cirr, (2.5)
kk'

where gy = (gyh) are the matrix elements of the impur-
ity potential between the Bloch wave functions in the up-
per and lower bands, c, is the Fourier component of the
impurity distribution function, and cycy*=NoS+. The
averaging is over the ensemble of the impurities, in the
new representation, H, , takes the form
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Himp=2 Goyn0in,t 0aiCui-sy Gn,nz=Gn‘gn"
2.6)

Gk = UkMBlks + VoteVakeike Gk = Bkilieisks - Vsl te ik

Gidk: = (G = UiV-keBhks — V-t Sk
To abbreviate the notation, we have used the symbols
n=(,k); i =1,2; a,=a,; @j=B%,. The Hamiltonian (2.6)
describes the elastic scattering and the mutual conver-
sion of the particles o and g.

In the first approximation in I'/A, the density matrix
is diagonal and satisfies the standard kinetic equations
for the distribution functions of the new quasiparticles
ny and n8,. The off-diagonal elements can be expressed
in the next order in I'/A in terms of the solution of the
kinetic equations.[s!

§3. PHOTOGALVANIC TERMS

Before we proceed to determine the stationary values
of the photogalvanic currents, we obtain the value of §
that sets in at short times ¢ «I""! when the RF field is
turned on sufficiently slowly, adiabatically. If the turn-
ing-on time £,> A1, then, as indicated in Ref. 4, the
distributions ny' and n2, take the form of steps

e ey @1
In this case we have according to (2.4)

= l}—'% (3.2)
At small values of k,, using (1.6), we easily obtain

= g ek S, (3.3)

It is interesting to note that this quantity is smaller by
a factor 7/2 than the current (1.9) obtained when the RF
field is turned on instantaneously.

We proceed to study the stationary currents. We con-
sider first the simplest case when the fastest relaxation
process is radiative recombination, ¥ >>I'. In this case,
as shown in Refs. 4 and 5, the solution of the kinetic
equation is

nl=n_L=nc=v_% (3.4)
i.e., it takes the form of step that is smeared out by an
amount equal to the interaction. We note that according
to (2.2) this solution describes the electron and hole dis-
tribution localized near the resonance region:

1 Iaf?

n=n_,' = ——————
S N T

and has a lucid physical meaning. Substituting (3.4) in
(2.2) we obtain for the current an expression that coin-
cides identically with (1.8). Thus, the photogalvanic
current is described in the limit I"«y by a dynamic
model. This result is, of course, a direct consequence
of the verticality of the transitions, i.e., the absence
of redistribution over the spectrum.

The situation > I' can be realized in pure crystals at
sufficiently low temperatures T<«< @ (© isthe Debyetem-
perature), when the collisions with the phonons are
strongly suppressed!'?;

T,~T+T(7/0)!, T,<8.
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We consider now the most typical case of weak radia-
tive recombination, T,;»y. If A, |<®,, where @, is the
phonon frequency, then the energy gap does not prevent
the creation and annihilation of a and B pairs (in other
words, the indirect electron and hole production pro-
cesses are the effective ones). In this case we can neg-
lect completely the recombination, and assume that the
particles o and 8 have a Fermi distribution and a chem-
ical potential u =0 (Ref. 4):

ne=(exp[e/T]+1)"". (3.5)

The phonons are assumed to be in thermodynamic equili-
brium. We must thus calculate the current with the en-
ergy functions of the new quasiparticles. As seen from
(2.2), the current does not vanish and can be rewritten
in the form

1 gy B o s
j=7e2.‘ ex'th 5T Vil (3.6)
We emphasize that the equilibrium distribution (3.5) for

the particles o and B is, of course in disequilibrium for
the electrons and holes.

A characteristic feature of the considered situation is
the decrease of the photogalvanic current as a result of
the smearing of the resonant character of the effect,
owing to the departure of the electrons from the region
of the interaction with the RF field. We turn first to the
case T«/|x], which corresponds to a vacuum of the par-
ticles a and B, n,=0. The distribution of the electrons
and holes takes in this case the form of a smeared step
with limiting momentum k,: '

nrm (g b

=T 2 ( 1 €Ex ) '
This result is physically obvious; it corresponds to fil-
ling, at T=0, of the bottom of the band by electrons on

account of the phonon emission. The vacuum current

. 1
1m=2—¢28r‘V.IAxl‘

can be roughly estimated at

Weapk_“m| s, (3.7
€x, “Ako

At high temperatures T >\ there appears another
cause of the smallness of the PGE. Intheregiong,«T
we have n{=n", =1/2, and the effect is therefore addi-
tionally cancelled within the limits of each band. The

corresponding estimate for the current yields

ir~ea3§ln\e—;}l S. (3.8)

It is assumed that ¢ 8> T.

We call attention to the fact that even though the ef-
fect becomes weaker, it still has a resonant character.
In fact, let the allowed bands be narrow, A€<«aA, and let
the detuning from resonance be large, w> lw=-a]>Ac.
In this case, as follows from (3.6), the PGE decreases
rapidly like (Ac/w —A)?«1. We note also that calcula-
tions of A, in the tight-binding approximations show that
the sign of the photogalvanic current can depend on the
frequency of the light.

In superstrong fields, A >, when the production of
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the o and 8 pairs becomes forbidden, an equilibrium
concentration of the particles sets in because of radia-
tive recombination. In this case n, retains a Fermi dis-
tribution with a chemical potential p =3¢, (Ref. 13).

The current j reverses sign in this case, and its value
is given by (3.7).

So far we have regarded photogalvanic currents due
to circular polarization of the wave, when the source of
the asymmetry is the Hamiltonian H,. In the case of lin-
ear polarization H is invariant to spatial reflections and
the PGE can be due only to the asymmetry of the relaxa-
tion terms. To calculate the current it is necessary to
go outside the scope of the kinetic equation and calculate
the off-diagonal elements of the density matrix. We note
that this procedure makes it possible to establish a con-
nection with the description of the PGE at low light in-
tensities. )

We now calculate the photogalvanic current due to
scattering by asymmetric impurities. Just as in Ref. 1,
we assume that the impurity has a short-range potential
with scattering light R as well as a long-range dipole
potential. The impurities are assumed randomly dis-
tributed by all equally oriented along the ¢ axis. For
simplicity we confine ourselves to the first term of ex-
pansion (1.5) for A,. Expressing in standard fashion
(see, e.g., Ref. 5) the off-diagonal element of the density
matrix in terms of the solution of the kinetic equation
n,, we have for the contribution due to the impurities
Na—"Ny, 10" —MNp,
€a—En,+ib e.,—s..r*Hé]’ (3.9)

N,
(aatand=— v Gn'-,Gn.n [
2gy b

€1k =€k, €k =—~8, Ny =Ny, Nay=1—nu.

Using next (2.2) and (2.6), we obtain for the photogalvan-
ic current

a € v
j=4aN.e ) et ?' Uty Va8 (ex—ex,) Tm (Zak,Be) (me—1). (3.10)
ok

xk,

It is seen that to obtain a nonzero current it is neces-
sary, first, to take into account the difference between
n, and n.,. We assume that the principal current in the
kinetic equation is the one responsible for the radiative
recombination, so thatn,=%,. Second, we must take
into account the difference between the matrix ele-
ments® &re, and gzkl. In the free-electron approxima-
tion we have

¢ edR (k—k,¢)
Im (gux,gu,x) =8" ——

(kT (3.11)
where d/e is the effective displacement of the dipole.
Substituting (3.11) in (3.10) we obtain after simple cal-
culations

j='/:¢*N,|’.x,| m*dRe.
Just as before in (1.9), j <I/2, where I is the light inten-
sity. We note that allowance for the succeeding terms
of the expansion of A, would lead to a dependence of j
on the polarization of the light.

The electron-impurity interaction considered above
is the simplest example of relaxation-process asym-
metry that leads in the nonequilibrium situation to a
photogalvanic current. Other sources of the asymmetry
can be electron-phonon?! and electron-hole®! interac-
tions.
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§4. ENERGY BALANCE

Regardless of the concrete microscopic mechanisms,
the PGE must satisfy general requirements that result
from the energy conservation law.

We denote by § and @ the energy fluxes in the crystal
corresponding to the high and low frequencies. Obvious-
ly, @=E(j+0,E), where ¢, is the static conductivity.
The stationary value of the internal field E is deter-
mined by the boundary conditions and can range from
E =0 (ideal conductivity of the surroundings) to E=-j/
o, (insulated crystal). In our regime the crystal oper-
ates like a current generator, i.e., @< 0, with Qmm
= -j?/4g, reached at E=-j/2¢,. From the obvious re-
quirement @+9> 0 we get?

J>7/4a,. (4.1)

It is of interest to note that at low light intensities, when
j is determined by the phenomenological relation j= fuJ
(f is the Glass coefficient!* and » is the absorption
coefficient), we get from (4.1) a lower bound of the
photoconductivity

4o,>j, (4.2)

which is significant, for example, when polaron models
of the PGE are considered.

Let us examine how the condition (4.1) is satisfied in
the region of a strong RF field. We investigate first the
case y>TI'. The absorption § and the conductivity g, can
be estimated in the following manner. The electrons in
the conduction band are concentrated near k=K, in an
energy interval 5, ° ~|A|. Their total number is there
fore n[,~k0”|)\|dk0/d;;k0 ‘and accordingly

O"’m".’mlhlkﬂv
We note that the estimate of @ agrees, apart from a nu-
merical factor, with the results of the exact calcula-
tions.*:* Using (4.3), we find that satisfaction of (4.1)
is equivalent to the inequality
o|A]2=>ex’ |Aad?,

go~eko ||yt (4.3)

(4.4)
which is obviously always valid.

We turn now to the case I' >y, which is of greatest in-
terest. As shown in Refs. 4 and 5, the absorption of the
RF wave decreases abruptly and in the limit as y—~0 we
have §=0 (saturation effect). At the same time, accord-
ing to (3.6)-(3.8) we have nonzero photogalvanic currents
and, generally speaking, a nonzero conductivity o,. The
resultant contradiction with (4.1) is eliminated in the fol-
lowing manner. In Ref. 5 the value of @ was determined
under the assumption of no LF dissipation, i.e., with
Fermi distribution functions for the particles a and 3.
Physically, however, it is obvious that the maintenance
of the energy release in a static field E via injection of
electrons into the conduction band calls for additional
energy consumption and must lead to the appearance of
light absorption, denoting by S, =S,{n,,n,} the collision
term in the kinetic equation for n,, we have

0 = J' Ekgk dk.
A similar relation holds for § (Ref. 5):

(4.5)

0=of Sudk, (4.6)
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with S, ~5,. For Fermi distribution functions S,3,=0.

According to (4.5) and (4.8) we have the estimate
0/0&?« 1,

which agrees with (4.1). We emphasize that in the limit

when y =0 the energy dissipation is due exclusively to

the finite dimensions of the sample. In an unbounded

crystal the PGE is nondissipative, i.e., §=9=0

§5. DISCUSSION

We estimate first the magnitude of the PGE. The
maximum value of the current is given by (1.8) and (1.9).
Putting [A, | ~10" sec™! (I=10"W/cm?), k,~10" cm™,
and ¥ =10'° sec™!, we get

j~10'* CGSE.
For the maximum value of the internal field we have
from (1.9) and (4.3)

Ernex~vkole.

This expression is of the same order as that obtained in
Ref. 1 at low light intensities. We note that the maximal
values of j and E do not depend on the electron mass
m¥*.

So far, in view of the smallness of the wave vector
q, we assumed the optical field to be spatially homo-
geneous. It must be borne in mind, however, that the
crystals are as a rule optically anisotropic. Therefore
the waves with circular polarization are not natural os-
cillations of this field.!*] These natural oscillations
are linearly polarized waves, while in a uniaxial crystal
they are the ordinary and extraordinary waves. This
leads, as can be easily seen, to spatial oscillations of
the photogalvanic current (to domain formation) with a
period I =27 /gAn, where An=n, -n, is the value of the
birefringence (see also Ref. 8), and hinders the direct
observation of the photogalvanic currents in bulky sam-
ples.

The spatial inhomogeneity of the photogalvanic cur~
rents leads, however, to an important effect—to the ap-
pearance of a new mechanism of nonlinear interaction of
the ordinary and extraordinary waves. In fact, if an or-
dinary and extraordinary wave exist with vectors q, and
q,, then the separation of the charges and the linear
electro-optical effect lead to formation of a spatial re-
fractive-index grating an(r) that leads to a redistribu-
tion of the light intensity. This interaction mechanism
is already included in the phenomenology of the effect,
joc S, and exists at all light intensities.

The author thanks V. I. Belinicher, B. A. Volkov,
Yu. V. Kopaev for a discussion, and V. F. Elesin and
V. L. Polrovskii for a useful discussion.

1)1t is realized, for example in the case of transitions between
S bands of a crystal if the crystallographic field of the ferro-
electric is taken into account.

2hWe have included the phase of A, in the definition of the oper-
ators a, and b,. Generally speaking, this renormalizes the
vertices of the electron-phonon interaction.

3)Or take into account the next term of the expansion in (1.5).
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The inequality (4.1) can be regarded as a restriction on the
efficiency n of the crystal in the current-source regime,
Nmax<1.
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It was found that the hyper-Raman scattering of light can be observed even in noncentrosymmetric
crystals if the exciting radiation travels along a direction for which which was no phase matching. A
multichannel photoelectric recording system was used in an investigation of the hyper-Raman spectra of
crystalline LiNbO; in various scattering geometries. The time taken to record spectra in the 0-900

cm~! range did not exceed 12 min. The E vibrations dominated the spectra in the investigated geometries.
Estimates were obtained of the scattering cross section and nonlinear susceptibility in the hyper-Raman

scattering in LiNbO;.

PACS numbers: 78.30.Gt, 42.65.Cq, 07.62.+s

INTRODUCTION

1. The hyper-Raman scattering (HRS) of light is a
three-photon process in which a system interacts with
two photons of frequency v, and emits one photon at a
frequency 2v, £ v, (v, is the frequency of an optical
phonon). The HRS is a quadratic term in the expansion
of the polarization P of a medium as a series in powers
of the field intensity E of the exciting wave:

P=aE+/,8E*+ ... (1)

The hyperpolarizability g is much less than the polari-

zability . Therefore, the HRS can only be observed in
sufficiently strong fields. The activity of vibrations in
the HRS is governed by a rank-four hyperpolarizability
tensor and it may be found that vibrations which do not
participate in the spontaneous Raman scattering or in
infrared absorption can take part in the HRS.!»2! The
HRS spectra have been recorded for gases, liquids,

and solids. 4]

Although the HRS was discovered over 10 years
ago, [5] jt has been observed in just four noncentrosym-
metric solids: fused quartz, ©*! crystals of NH,C1, ©®
diamond, "7 and CsI (Ref. 8). It is difficult to observe
the HRS in noncentrosymmetric crystals because of the
possible generation of the second harmonic of the ex-
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citing radiation v, which may then give rise to the spon-
taneous Raman scattering in the same part of the spec-
trum as the HRS. We shall use the example of a non-
linear LiNbO, crystal to show that, if the exciting radi-
ation travels along a direction for which there is no

" second-harmonic phase matching, the HRS can also be

easily observed in a noncentrosymmetric crystal.

Crystals of LiNbO, have lower damage thresholds
than those of the materials investigated earlier, 8!
Therefore, we restricted the density of the exciting ra-
diation to <10® W/cm?. Use was made of a multichannel
photoelectric recording system by means of which we
were able to obtain weak HRS spectra of LiNbO; at a
relatively low exciting radiation density. The scatter-
ing cross sections and nonlinear susceptibility in the
HRS process were determined for this crystal.

DESCRIPTION OF EXPERIMENTS

We used the apparatus shown schematically in Fig. 1.
The HRS spectra of an LiNbO, crystal were excited by
the A = 1064 nm line of a pulsed YAG laser 1 (I,~2 x 10*
W, 7,~10°® sec, divergence ~107° rad, pulse repetition
frequency 25 Hz). The spontaneous Raman scattering
spectra of the crystal were excited under similar con-
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