
The photogalvanic effect in media lacking a center of
symmetry

V. I. Belinicher and B. I. Sturman

Institute of Automation and Electrometry, Siberian Branch of the Academy of Sciences of the
USSR, Novosibirsk
Usp. Fiz. Nauk 130,415-458 (March 1980)

This review presents the fundamental theoretical concepts concerning the photogalvanic effect (PGE)—the
phenomenon of appearance of a direct current in a homogeneous medium under uniform illumination. This
effect can occur in all media lacking a center of symmetry, in particular, in ferroelectrics, piezoelectrics,
gyrotropic crystals, and in gases and liquid possessing natural optical activity. The starting point of a
systematic microscopic theory is the asymmetry of the elementary electronic processes—their noninvariance
with respect to spatial reflection. Within the framework of the theory, we study the most important
mechanisms of the PGE in the regions of impurity, interband, and intraband light absorption. Possible
observable manifestations of the PGE are discussed. Theoretical results are compared with experimental data.
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1. INTRODUCTION

An electric current in a medium usually stems either
from applied fields (electric and magnetic) or from
spatial inhomogeneity (gradient of temperature or illu-
mination).1'2

It has become evident in recent years that currents
of another type can occur under thermodynamic non-
equilibrium conditions that are due to lack of a center
of symmetry in the medium. The most important effect
of this class is the photogalvanic effects (PGE)—the
appearance of a direct electric current in homogeneous

crystals under uniform illumination.

The PGE has been observed in many of its manifesta-
tions during the period 1969-1974 by a number of au-
thors.11 Thus, in experiments5"7 performed on crystals
of the ferroelectrics LiNbC3 and BaTiQ,, constant pho-

"it Is not ruled out that the PGE had been observed consider-
ably earlier, e.g., In the experiments of Refs. 3 and 4. How-
ever, systematic studies of the photoelectric properties of
crystals whose results allow one to speak with assurance of
observing the effect began only with development of laser
technology.
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tocurrentsjph-lO"10 A/cm2, and photovoltages that sub-
stantially exceeded the width of the forbidden band were
observed. These phenomena were attributed to relaxa-
tion of the internal fields in the crystals. In studies8'9

of the effect of entrainment of electrons by light in the
piezoelectric Te, an additional contribution to the cur-
rent was observed. This current showed a strong de-
pendence on the polarization of the light, and was in-
terpreted as an optical rectification effect (alteration
by light of the polarization of the crystal1 0'1 1). Thus
the explanations presented could pertain only to a tran-
sition current; they contradicted the observations.

Results analogous to Refs. 5-7 were obtained in 1974
by A. M. Glass and his associates with the ferroelec-
trics LiNbQs, BaTiQ,, and LiTaQj.12'13 Moreover,
these studies showed that the direct photocurrents (the
measurements were performed over a period of 20
hours) depend linearly on the light intensity. In insu-
lated LiNbOs crystals they give rise to anomalously
large photovoltages, {7~10s-10s V/cm. Here the elec-
tric field intensity in the crystal satisfied the relation-
ship jPh + σΕ = ο (σ is the conductivity of the crystal),
which reflects the fact that the total current equals
zero under stationary conditions.

The experimental data discussed above seriously con-
tradicted the then prevailing ideas concerning the
mechanisms of origin of currents and emf's in crys-
tals. The effect of transition processes caused by
heating of the crystals by the light or relaxation of
some internal fields was ruled out by the long time of
observation of the currents. The anomalously large
values of the photovoltages and the dependence of their
sign on the frequency and polarization of the light14

ruled out Dember effects, entrainment of electrons by
photons,15 microinhomogeneities of the crystals,18 and
other known photovoltaic phenomena.2 The authors of
Refs. 12 and 13 for the first time attributed the photo-
induced direct currents to the existence in the ferro-
electric of an intrinsic unique direction—the polar axis.
They proposed that light can cause a directional cur-
rent of electrons along the polar axis of the crystal.
This idea, together with thejunusual character of the
observed regularities stimulated development of theo-
retical and experimental studies.21

We should note that the possibility of a photogalvanic
effect in semiconductors lacking a center of symmetry
had been pointed out as early as 1969.17'1* In studying
nonlinear optical phenomena, these authors noted that
the current jtcm - wj) at the difference frequency of two
waves EiiDi) and £(0*2) formally does not vanish in the
limit as ωχ - wj - Ό . Thus a direct current can arise
that cannot be described in terms of conductivity and
photoconductivity. However, the theory developed in
Refs. 17 and 18 remained valid only when | ωι — α>21
» Γ, where Γ is the characteristic rate of electronic
collisions.19 As has been shown subsequently (see Sec.
7), the mechanisms treated in Refs. 17 and 18 do not

2)The original studies12·13 employed the term "high-voltage
bulk photovoltaic effect" for the new phenomenon. The liter-
ature in our country has employed this term alongside the
term PGE.

give rise to a direct current when collisions are taken
into account.

A theory of the PGE originated in Refs. 20 and 21.
First of all, the theory had to resolve two problems of
principle. Starting from first principles, it was neces-
sary to establish the reason for the existence of direct
currents of particles in the absence of macroscopic
forces. Second, it was necessary to understand why
the PGE cannot arise from "blackbody radiation," i. e.,
thermal photons distributed according to Planck's law.
The existence of uniform currents in thermodynamic
equilibrium would imply the existence of a perpetual-
motion machine of the second kind. The solution of the
stated problems has shown that the PGE differs sub-
stantially from the known kinetic and nonlinear-optical
phenomena. It amounts to a striking macroscopic
manifestation of asymmetry of the elementary electro-
nic processes—their noninvariance under spatial inver-
sion. In view of its importance in the subsequent treat-
ment, it is expedient to take up this point in greater
detail.

The simplest example of asymmetry of electronic
processes is provided by the process of elastic scat-
tering of a particle by a potential lacking central sym-
metry. As is known,22'23 the properties of the scatter-
ing centers are characterized by the probability Wtt. of
transition of a particle from the state with the momen-
tum k' to the state k. This approach can be applied to
both a quantum and a classical description of scattering
and also in treating inelastic scattering. In elastic
scattering the probability Wa. satisfies the symmetry
relationship:

Wk. t . = W-k·,-!,. (1.1)

This is implied by the invariance of the equations of
motion under time inversion (T-invariance) and is cal-
led the reciprocity theorem.22 As is equally well known,
for noncentral potentials the probability Wfa is not in-
variant under the substitution k, k' —-k, - k'. That is,
it possesses the asymmetry

.-k.. (1.2)

The asymmetry of scattering (1.2) and the relationship
(1.1) are pictorially demonstrated by the example of
elastic scattering of a particle by a wedge-shaped po-
tential (Fig. 1).

The concept of asymmetry extends also to other ele-
mentary processes, in particular, processes of exci-
tation and recombination of electrons. If ui and iv{

FIG. 1. Asymmetry of elastic scattering by a wedge. The re-
ciprocity theorem is satisfied.
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are respectively the probabilities of transition of an
electron from an impurity to the conduction band and of
recombination with the impurity, then an asymmetry of
these processes implies that:

wi-'Φ,ν^. • (1.3)

At the same time, owing to T-invariance (reciprocity
theorem), we have

wi = w' . (1 4)

The relationships (1.3) and (1.4) are illustrated by Fig.
2, which shows the processes of photoionization of a
particle from a noncentral potential well and of recom-
bination.

Asymmetry of the elementary processes substantially
affects the kinetics of electrons in media lacking a
center of symmetry. As we see already from Fig. 1,
fluxes of particles with opposing momenta cease to
cancel each other out after scattering. Under these
conditions, as we shall show in Sec. 5, we can treat
thermodynamic equilibrium as an exceptional situation
in which complete elimination is attained of the contri-
butions to the current from different groups of proces-
ses and different regions ink-space. The character of
this compensation is determined by the concrete mech-
anisms of the asymmetry of the electronic processes.
The distinctive role of thermodynamic equilibrium has
the result that practically any nonequilibrium situation
in media lacking a center of symmetry breaks down the
fine mechanism of compensation, i. e., it gives rise to
a current.

We should note that the following equality holds in the
absence of asymmetric scattering under the condition
of T-invariance:

This is often called the principle of detailed balanc-
ing.23"24 This principle does not stem from any general
symmetry relationships, and it breaks down when even
any one of the above-cited conditions is not satisfied.
In particular, breakdown of detailed balancing can arise
from a magnetic field. The failure of detailed balanc-
ing in collision of noncentrosymmetric molecules was
already noted by Boltzmann2s (Ref. 26 is devoted to
elucidating this situation in the quantum domain). It
was subsequently shown that failure of detailed balanc-
ing substantially affects the kinetic description of a
gas.21 Thus the distribution function of the particles
necessarily becomes dependent not only on the veloci-
ties but also on the angular momenta. Failure of Eq.
(1.5) is also required for the appearance of the anoma-
lous Hall effect.27'28 It is useful to note that the break-

-k

FIG. 2. Asymmetry of photoexcitation from a noncentral po-
tential well (a) and recombination (b).

down of detailed balancing begins to be manifested only
starting with the second Born approximation,22 whereas
the overwhelming majority of studies restrict the treat-
ment in terms of kinetics to first-order perturbation
theory. Apparently this involves the misunderstanding
in which a considerable fraction of the literature on
problems of kinetics (e.g., Refs. 29-31) has viewed
Eq. (1.5) as universal.

Remarkably, the fact of existence of the PGE, its
relationship to the failure of detailed balancing (asym-
metry of the elementary processes), the nonequilibrium
character of the medium, and the nontrivial character
of the vanishing of the current under conditions of ther-
modynamic equilibrium—all these general regularities
can be understood in terms of simple models. We
shall treat these models in Sec. 2.

As we shall show below, the PGE can occur in all
media without exception that lack spatial-inversion
symmetry. In addition to crystals lacking a center of
symmetry, they include also isotropic media—liquids
and gases containing right-handed or left-handed mole-
cules, i. e., possessing natural optical activity. The
source of nonequilibrium can be not only light but also
sound, or opposing or isotropic particle fluxes, etc.
Fluxes of particles, charges, heat, and other physical
quantities are an inalienable feature of nonequilibrium
states lacking a center of symmetry. To no small de-
gree, this statement pertains also to nonstationary
phenomena not sustained by external sources. Any pro-
cess of relaxation toward thermodynamic equilibrium
in media possessing polar directions should also be
accompanied by a current.

Interestingly, an effect has actually been known for
more than 20 years that is akin to the photogalvanic
effect in nature. In 1956 Lee and Yang proposed in
their famous study32 that parity is not conserved in
weak interactions. That is, our space, although iso-
tropic, nevertheless does not possess a center of sym-
metry. As Lee and Yang showed, electrons produced
in the β-decay of a neutron: η -*/> + e + v, should show
an asymmetric distribution in the presence of a mag-
netic field H. That is, a current should arise in the
direction r?H, where η is a pseudoscalar, that charac-
terizes the noncentrosymmetry of our space. Precise-
ly this effect was observed in the experiments of Wu
with e0Co nuclei at T = 10"2 K.M

In this review we wish to acquaint the reader with the
general properties of the new effect and its fundamental
mechanisms, and also to point out the relationship of
the PGE to other physical phenomena. We shall pay
major attention to crystalline media. We shall analyze
the experiments on the PGE and compare them with the
theoretical concepts.

2. ELEMENTARY MODELS OF THE PGE

a) The wedge model

We consider a gas of noninteracting particles that
are being scattered by randomly located, but identical-
ly oriented wedges (Fig. 3). Evidently this medium
does not possess a center of symmetry. In the absence
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b)

FIG. 3. Current originating in scattering by a wedge: a) the
field oscillates the particles vertically—current to the left; b)
field directed horizontally—current flows to the right.

of external agents, collisions will establish an isotropic
velocity distribution of the particles, since a spheri-
cally symmetric distribution of particles remains
spherically symmetric upon elastic scattering by any
convex body. Here the mutually compensated fluxes
are not those travelling in opposite directions, but the
direct and time-reversed fluxes.

Let the source of nonequilibrium be the alternating
field eE cosotf. This agent maintains an anisotropy of
the distribution of particles. That is, it increases the
fraction of particles moving with and against Ε. As we
see from Fig. 3(a), the scattering of vertically moving
particles yields an overall flux directed to the left. If
the direction of the field changes to the horizontal [see
Fig. 3(b)], the flux changes sign, i. e., it will be di-
rected to the right. Thus we have established a rela-
tion of the fluxes to the nonequilibrium of the medium
lacking a center of symmetry.

We can also estimate the magnitude of the flux within
the framework of this model. In the first stage we
must determine the fraction of the particles moving
anisotropically under the action of the high-frequency
field. As we can easily understand, we have

fa»fa» / "Β
" 0 V l>, I

A

Here n$ is the total concentration, vT = ·ΊΤ/τη is the
thermal velocity, and vB = eE/mu> is the oscillatory
velocity of the particles. Although the presented ex-
ample is not entirely perspicuous, it does not involve
the properties of the scattering. Asymmetry of scat-
tering is manifested when anisotropically moving parti-
cles collide with the wedges. Evidently, the magnitude
of the flux must be proportional to the frequency Γ of
these collisions and to the time fjj, for which the parti-
cles constituting the flux keep their directed momentum.
This time can be governed not only by the collisions
with the wedges, but also those with other scatterers
(not necessarily asymmetric). Thus we have the fol-
lowing expression for the flux:

>*~ ·"·»· (i7)*i£;*. (2.1)
The quantity ξ s 1 is determined by the geometry of the
wedge and characterizes its degree of asymmetry.

b) The model of asymmetric wells

Asymmetry of a potential well, which serves as a
model of an impurity (Fig. 4), causes a particle lying

0

FIG. 4. Current originating In the processes of ionization, re-
combination, and scattering, for a noncentral potential well.
The absorbing part of the center is hatched.

in it to emerge mainly to the right when acted on by
light. This model contains three independent contri-
butions to the total flux. Let us examine them in de-
tail.

Each event of absorption of a light quantum gives rise
to a particle with the velocity i>0,

 a s determined by the
excitation conditions, e. g., the frequency ω of the
light. If κ is the absorption coefficient for the light,
and J is its intensity, then the number of particles
emerging per unit time is KJ/Κω. Taking into account
the fact that the particles emerging toward the right

participate in creating a flux only for the time
rig
Γ (the

time for isotropization owing to collisions), we have
the following expression for the contribution to the flux
arising from excitation: j , a ev^KJ/tiuT^ .

The second contribution to the flux involves recom-
bination. Owing to invariance under time inversion,
the only particles that can recombine are those arriv-
ing at the well from the right [see Fig. 4(b)]. Evident-
ly the removal of the particles moving from right to left
leads to a flux in the opposite direction. Thus the flux-
es caused by recombination and excitation run in the
same direction and cannot compensate one another in
equilibrium with blackbody radiation. Of course, this
situation stems directly from (1.3) and (1.4). To esti-
mate this magnitude of the flux j o we must account for
the fact that the rates of excitation and recombination
are equal (yuT/Κω) under steady-state conditions, while
the asymmetry of velocities of the particles that arises
after recombination again relaxes within the isotropi-
zation time r£,. Let us also take into account the fact
that the particles that participate in recombination
are mainly those that have been able to become ther-
malized by interaction with the thermostat. That is,
they have the characteristic velocity vt. Taking the
abovesaid into account we have j t

 a (vt/v^ijt.

Finally, the third contribution to the flux comes from
the scattering process. Evidently, only particles mov-
ing from left to right can be scattered [see Fig. 4(c)].
The corresponding contribution to the flux is opposite
in direction to the contributions from excitation and re-
combination. Since the number of events of recombina-
tion and collision is the same, while the mean velocity
of the particles is vt, then j ^ , =-2jr. Thus the total
flux is

The parameter ξ characterizes the degree of asymme-
try of the potential and must be determined by quantum-
mechanical calculations. If the potential barrier in
Fig. 4 is large, then ξ*1, but if the potential well is
almost symmetric, then ξ « 1 .
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The sign of the flux depends on the relationship be-
tween υ0 and vt. Κ the medium is in equilibrium with
the radiation, then the excitation of the particles by the
thermal photons occurs at the rate vt, and the total flux
is jph = 0.

3. PHENOMENOLOGICAL TREATMENT OF THE PGE

The constant component of the electric current in a
homogeneous medium can be expanded in a power ser-
ies in the electric field:

o\lnnE,EnEm E\ + β,ίη (ω) EtE'.

(3.1)

Here Ε is the constant electric field, and Ε(ω)=Ε*(-ω)
is the intensity of the field of frequency ω. The first
three terms describe the static conductivity taking the
nonlinear corrections into account, and the fourth term
describes the photoconductivity. The last term de-
scribes the photogalvanic effect, or photocurrent in the
medium in the absence of a constant field. For partial-
ly polarized light, the combinationEt(w)E*(ω) must be
replaced by the polarization density matrix.

All the information on the PGE is included in the pho-
togalvanic tensor β(1η(ω). Let us examine the general
restrictions on its components that stem from the
transformation properties of the photocurrent:

jf»=p,,J,Et (3.2)

The current j p h changes sign upon spatial inversion,
while the quantity E,E* does not do so. Hence the ten-
sor βΗη can differ from zero only in media lacking a
center of symmetry.18

Since j ^ is real, the right-hand side of (3.2) cannot
be altered when we take the complex conjugate. Hence
we have

ft ft*

Piln — Pin!·
(3.3)

Thus the real component of βΜ is symmetric with re-
spect to the last two indices, while the imaginary com-
ponent is antisymmetric:

/f= β?ηί £„/?,· +ίβΐΓ IE Ε*],, ρ?,η = β!,.,· (3.4)

The second term in (3.4) differs from zero only for el-
liptically polarized light. Hence we shall call the as-
sociated photocurrents circular. We shall call the pho-
tocurrents described by the tensor β'η, linear.

The time-inversion operation changesthe sign of j p h ,
while Εη(ω)Ε?(ω) transforms into Ε*(ω)Ε, (ω). There-
fore the tensor β?π, changes sign under this operation,
while β°, does not do so. This circumstance has far-
reaching consequences. Thus, the tensor /3JnI must
equal zero in the absence of dissipation of light, where-
as the condition of T-invariance does not imply the
vanishing of β°,5. This very fact indicates an essential
difference in the mechanisms that lead to circular and
linear photocurrents.

In crystals the tensor £JnI = /3|ΐΒ is analogous in its
transformational properties to the piezotensor, while
β'ϊ is analogous to the gyration tensor. The classes of
crystals for which β\η1 and 0Jf differ from zero can be

conveniently divided into four groups (Fig. 5)3*: I-C^,
^2, CM C2tt, C4, C4v, C3, C3v, C6, C6l). II-C3ft, D3h,
Td. m-D2, D4, Du, Dt, D6, St, T. W-O.3) This
classification exhausts the crystals lacking a center of
symmetry.

The number of independent components of βΜ is de-
termined by the symmetry of the crystal. In ferroelec-
trics, β\ηί has at least three independent components,
while β",? has one:

Pirn = , + fciCnc, + y (cfiin •-!- cn6,,),
(3.5)

Here c, is a unit polar vector lying along the spontane-
ous polarization of the crystal, while ε|ρππ i s a unit anti-
symmetric tensor. The representation (3.5) i s rea l-
ized in ferroelectric crystals of classes C t e and Civ.
Moreover, it holds also for noncrystalline media having
a polar direction. For the tensor β", Eq. (3.5) contin-
ues to hold also in ferroelectr ics of class C3v. We note
that the current j p h averaged over the polarization of the
light can differ from zero only in ferroelectric crystals .

In crystals of classes Τ and Tt, β\η1 has only one in-
dependent component: β'η1 = 7 \ zinl | .

A circular PGE can also occur in completely isotropic
media: liquids and gases possessing natural optical
activity. In gases and liquids (and also in crystals of
classes Τ and O), we have

β»! = ηδιη. (3.6)

Here τ? i s a pseudoscalar characterizing the degree of
gyrotropy of the medium.

4. ASYMMETRY OF THE ELEMENTARY
ELECTRONIC PROCESSES

a) Asymmetry of scattering

As is well known, one of the simplest forms of scat-
tering is elastic scattering of an electron by a static
potential produced, e. g., by an isolated impurity. The
probability Wtt. of transition of the electron from the
state of momentum k' to the state k is expressed in
terms of the scattering amplitude / t t . . It differs from
zero on the isoenergy surface ε ^ Cy. Upon neglecting
the spin of the electron, we have

VKtk, = ̂ | / k k . | 2 8 ( e t - 6 t . ) . (4.1)

The quantity | / t t . |
2 is unambiguously related to the dif-

ferential cross-section for scattering of a particle into

FIG. 5. Types of crystals that allow a PGE. The regions
bounded by the curves a—c are respectively the ferroelectrics,
piezoelectrics, and gyrotropic crystals. The intersections of
these regions give the crystal groups I, II, III, and IV.

3)Henceforth, for brevity we shall term nonferroelectric piezo-
electrics (crystals of groups II and III) piezoelectrics.
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a solid angle near k.22 Just like the probability W&,
the scattering amplitude satisfies the reciprocity theo-
rem /**-=/-»·,-». The scattering probability W& can al-
ways be separated into components symmetric and anti-
symmetric with respect to permutation of the momenta
k and k':

is exactly zero.

W'kt. = Wl.t = W_k, _k., Wll = -

For centrosymmetric potentials,

In order to determine WJJ- by perturbation theory, we
must go outside the framework of the first Born approx-
imation and calculate the amplitude/u. up to second-or-
der perturbation theory with respect to the potential.22

The contribution to WJJ. arises from the product of the
amplitude in first-order perturbation theory times the
pole contribution t o / t t . in the second order2 1:

k - ek.) δ (ek - ek.) Λ ". (4.3)

Here V̂ - = V\.^ is the matrix element of the potential
of the impurity taken between Bloch functions. The fact
that Eq. (4.3) contains the product of two δ-functions
with respect to the energy is far from fortuitous. Upon
employing the reciprocity theorem, one can show that
each term of the perturbation-theory series for W& al-
ways contains an even number of δ-functions with re-
spect to the energy. An expression analogous to (4.3)
is employed also in the theory of the anomalous Hall
effect.27*28 In this case the need of going outside the
framework of first-order perturbation theory is dictat-
ed by the invariance of WV with respect to spatial in-
vertion and T-invariance.

Let us examine a concrete model of an impurity in a
ferroelectric. Let the scattering center have a short-
range potential with the scattering length r0 and the
asymmetric dipole potential

( 4 · 4 )

Here εο is the dielectric permittivity. The quantity d
in (4.4) can be considered to be equal in order of mag-
nitude to the dipole moment of the unit cell. One can
most simply calculate W£, for small momenta, ka «1,
where a is the dimension of the unit cell. The result
has the form'21

•
I»'1·

q = k—k'. (4.5)

The existence of a short-range symmetric potential is
an essential detail of the model of an impurity. In its
absence, asymmetry would arise only in the third or-
der in the dipole potential. As applied to piezoelec-
trics, one can naturally choose the octupole potential
as V(r). The probability W£, is calculated by analogy
to (4.5) and is expressed in terms of the octupole mo-
ments of the impurity QnIm.35

In addition to elastic collisions with impurities, a
possible mechanism of asymmetry is scattering of
electrons (or holes) by phonons, excitons, and other
defects of the periodicity of the lattice (see also Sec.

b) Asymmetry of photoexcitation and recombination.
Impurity-band transitions

Let the energy spectrum of the crystal be character-
ized by a narrow impurity level separated from the
edge of the conduction band by a gap of width Δ. The
probability Wk'

r of excitation of an electron from the
impurity into the conduction band in a state of momen-
tum k under the action of a light wave of polarization
ea and intensity J, and that of radiative recombination
with the impurity have the form

Here na is the number of photons having the polariza-
tion ea associated with the light intensity Ja =ηαΚωο.
The averaging in (4.6) is performed over the polariza-
tions and directions of the emitted photons. In all the
microscopic calculations we are neglecting the wave
vector of the light wave as compared with the quasi-
momentum of the electron. The differential probabili-
ties M ·̂* are interrelated owing to the invariance under
time inversion,36

[cf. (1.4)]. They are given by the standard formula of
perturbation theory

Here Ι\=(ψ ί |5 |ψ 0 ) is the matrix element of the dipole-
moment operator taken between states of the discrete
and the continuous spectrum. Without loss of general-
ity, we can consider the exact wave function Ψο of the
bound state to be real. Hence the transformation prop-
erties of niJ are determined by the symmetry of the
wave functions of the continuous spectrum.

We proceed to determine the asymmetric transition
probabilities

(4.9)
wi=w"_k, wi' = — wi"k.

The procedures of calculating W£· for circular and
linear polarization of the light prove to differ substan-
tially. In the former case it suffices to employ Bloch
functions as the wave functions of the continuous spec-
trum and the exact wave function of the bound state as
ψ0. The matrix element of the dipole moment taken be-
tween these states has the symmetry property Dj = D5i.
This stems from the relationship ^ = ψ% for the Bloch
functions, which in turn reflects the invariance of the
Schrodinger equation under time inversion. For sim-
plicity, we have treated the states of the electron in the
conduction band and at the impurity as nondegenerate.
Upon turning to (4.8), we see that iv[ has an asymmetric
component when the polarization vector e is complex,
i. e., for circularly polarized light." When e is real,
the wj are fully symmetric.

For small momenta, Dj can be expanded as8 8

D\(k) = f, + ig,iki + htlnk,kn+ (4.10)

Here/,, gn, and hUn are real quantities. We can as-
sume for the sake of definiteness that the transitions
occur between the s- and the /(-states of the impurity
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and an s-band.4) Ε the impurity exists in an s state,
then the asymmetry of the crystal is accounted for in
(4.10) by the terms even in k. Here the first term of
the expansion, /, =/c(, can exist only in ferroelectric
crystals. Yet if the state of the electron in the impur-
ity level is a p state, then the asymmetry is charac-
terized by the terms odd in k in the expansion.

For ferroelectric crystals, we obtain the following
from (4.8) and (4.10)37:

· E*)]) 6 ( 8 k - e
(4.11)

We have neglected the anisotropy of the crystal, by as-
suming that gu =#δ ( Ι . The momentum k0 with which
the electrons are photoexcited is determined by the ob-
vious condition zt =Ηω- Δ. W" changes sign upon
change of direction of rotation of the polarization. The
recombination probability, which involves averaging
over the polarization of the emitted photons, as implied
by (4.6) and (4.11), is a symmetric quantity.

In piezoelectrics W" is determined by the tensor
h{j =Kmitnmj, i. e., by the component of the tensor
hnlm antisymmetric in the first two indices.37 As one
can show, the degree of smallness of htj is relativistic.
For linear polarization of the light (e = e*), according
to (4.11), the probability W" is zero. In this situation
we must take into account the distortion of the electron-
ic wave functions by the potential of the impurity.
From the formal standpoint, this potential causes the
coefficients of the expansion (4.10) for Ί\ to be com-
plex, and it breaks down the relationship D^Di^. The
magnitude of the probability WJ* depends on the con-
crete properties of the impurity. There are two inde-
pendent contributions to W£. The first one stems from
the distortion of the wave functions of the band elec-
trons by the asymmetric potential of the impurity.2o'n

The second contribution arises from simultaneously
taking into account the action of the symmetric compo-
nent of the potential on the wave functions of the con-
tinuous spectrum and the oddness of the matrix ele-
ment, Dj^iD^. Let us examine the first contribution
in greater detail. When we take into account the poten-
tial of the impurity, the wave functions of the band elec-
trons begin to differ from Bloch functions. As we
know, there are two complete sets of wave functions
Ίί(τ) of the continuous spectrum, which contain diver-
gent and convergent waves. In calculating the photoion-
ization, we must take the function ^ as the wave func-
tion of the final state.22 The matrix element of the di-
pole moment taken between the wave function of the
electron at the impurity and !/£(r) satisfies the relation-
ship

dk'
(4.12)

This directly stems from the Schrbdinger equation. An
analogous equation holds for the scattering amplitude.22

Let us represent D, as the sum of the matrix ele-
ment D£ =tD!,, without taking the asymmetry of the
crystal into account, and the correction DjJ8 to it, which

is associated with V(T). AS is implied by (4.8), the
existence of W? requires that the quantities Dj and Dk

a i

should have different parities. Upon using the well-
known identity (χ + ίδ)"1 =P/x - in6(x), where Ρ is the
symbol for the principal value, we obtain the following
expression from (4.12):

dk'

(2π)» (4.13)

The asymmetry of the photoexcitation arises solely
from the pole contribution to (4.12). This situation is
not fortuitous, and it involves the fact that time inver-
sion transforms in different way the contributions to
T\ from the pole and from the principal value of the
integral. Generally we cannot consider the matrix ele-
ment Dj to be close to Djj, since the potential V'(r)
possesses bound states, and therefore is not small.

As we see from (4.13), for small excitation momenta
k, the momentum k' is also small. This means that for
ferroelectrics we can employ the dipole potential as
V(r),. Again we shall consider the symmetric poten-
tial to be short-range. Upon employing (4.13) and as-
suming the impurities to exist in a p- state, we can
represent the asymmetric component of the photoexci-
tation probability in the form'21

W"~2~i:grwl· (4.14)

Here aB=ft2Et,/me2 is the Bohr radius.

In many cases the probability №ζ can be easily ex-
pressed in terms of the cross-section for light absorp-
tion.

In piezoelectrics, WJ* is determined by the octupole
moment of the impurity.3 9

4 )The states are classified neglecting the asymmetry and an-
isotropy of the crystal.

Finally we consider the second contribution to Wf,
which arises from the existence of terms of differing
parity in the expansion (4.10) for Dj. This contribution
lias been treated in Refs. 40 and 41, where the photo-
ionization of a shallow neutral impurity was studied.
It was assumed that the wave function of the bound state
does not possess a definite parity when the asymmetric
potential is taken into account; ?0(?) was chosen in the
form of a superposition of hydrogenlike s and p wave
functions. The states of the electrons in the continuous
spectrum were described by the exact Coulomb wave
functions, which made possible a calculation of W".

A possible source of asymmetry in crystals in im-
purity-band transitions (as a rule of lesser importance)
can be scattering by phonons.

5. ELEMENTS OF THE KINETIC THEORY OF THE
PGE

a) General relationships

Asymmetric transition probabilities constitute the
basis of the kinetic description of the PGE. The elec-
tric current is expressed in the standard way in terms
of the distribution function/* of the electrons:

J--Hi5r/"dk· (5.D

Owing to the invariance under time inversion and to ne-

205 Sov. Phys. Usp. 23(3), March 1980 V. I. Belinicher and B. I. Sturman 205



gleet of spin, we have ε» = ε^. Hence, in order to find
the current, we must determine the asymmetric com-
ponent of the distribution function, /£"= -ft?.

We shall write the kinetic equation for fk in the follow-
lowing form5':

= 4-/+/j"+/K'h. (5.2)

Here the Ijf (/k) are the rates of excitation and recom-
bination, and the /JmiPh(fc) are the collision integrals
for impurities and phonons. We shall treat the latter
as being in thermodynamic equilibrium.

Let the total collision integral be resolvable into
symmetric and asymmetric components:

st(/k) = /i(/0 + T(/0.

Ά (Λ) = /*-» (Λ). ' ? (Λ) = - 7 -" (Λ>· Λ = /'-*·
(5.3)

In this case the stationary solution of (5.2) cannot be
purely symmetric. It must contain an asymmetric
component. That is, a constant current arises, in
agreement with (5.1). We shall see below that the res-
olution into symmetric and asymmetric collision inte-
grals can be performed for each of the elementary pro-
cesses treated above. Therefore each of these proces-
ses yields a photocurrent. We stress that this pertains
to the nonequilibrium situation. In the thermodynamic-
equilibrium distribution functions of the electrons and
phonons, the asymmetric collision integral /" and the
current j , * must always vanish. Henceforth we shall
restrict the treatment to the first approximation in the
asymmetry parameter. Consequently we get the fol-
lowing from (5.2) and (5.3):

To progress further, we must concretize the structure
of 4'. Generally this collision integral contains four
characteristic times: y"1—the recombination time for
the electrons at the impurities, F^—the reciprocal of
the rate of collisions with the impurities, and F ? , and
Fj1—the relaxation times for the momentum and the
energy. As a rule, we shall assume that F^,» Fc, and
rim » y- This hierarchy of times is the most typical.1

Thus we assume that the electrons ejected by light into
the conduction band are first "smeared out" over the
isoenergy surface by collisions with impurities and
phonons. Then the small inelasticity of electron-pho-
non scattering gives rise to slow energy relaxation to-
ward the quasi-Fermi distribution function/J. And
only after this do the electrons recombine with the im-
purities. Taking the abovesaid into account we shall
take II in the form

i'k = Λ,-Yk/k- iW/t-Jk) + /J (fk). (5.5)

Here we have 4 = ^ ) ' , J»(/») describes the thermaliza-
tion, and I{(fl) = 0 (the structure of this term is not
essential below). The bar denotes averaging over the
isoenergy surface. As Eqs. (5.4) and (5.5) imply, we
have

ίΐ'Γ-^ΐΐυΙ). (5.6)

The symmetric component /J must be determined from

5)Eq. (5.2) is written for impurity-band transitions.

(5.4) and (5.5). In the general case it has the form/j
=fl + δ/ί· W e can consider the function/J for dielec-
trics to be a Boltzmann distribution normalized to the
total concentration of electrons n0 in the conduction
band. The latter is determined from the condition Vn0

Employing Eqs. (5.1) and (5.6) allows us to calculate
easily the PGE within the framework of a concrete mod-
el for/;1.

We should pay special attention to the meaning of the
quantity F^, that enters into the fundamental formula
(5.6). As defined, the isotropization rate F^ (k) is the
reciprocal of the relaxation time of the direction of the
momentum k for the nonequilibrium electrons, which
essentially are the source of the photocurrents. Hence
the applicability of the results obtained below is gener-
ally not restricted to the region Γ,,. < Τ, outside of
which one cannot describe the quasiequilibrium elec-
trons (with energies ε» ~ T) by the kinetic equation.*2

The region of applicability of the kinetic description of
the PGE is broader: F^iko) < c^. In particular, this
region can include also crystals having polaron conduc-
tion.41 In this case we must take ε,, to be the nonrenor-
malized energy of the electron, since the optical tran-
sition occurs with stationary ions, owing to the adia-
batic principle. The electron does not succeed in put-
ting on a coat of phonons before the first isotropizing
collision. The abovesaid also implies that estimates
of F),,, from the mobility of thermal electrons can yield
a false result. As a rule, isotropization is brought
about by collisions with phonons. One can find the ap-
propriate expressions for Ft e(k) in Refs. 44 and 45.

b) Scattering by impurities

This process corresponds to the ordinary collision
integral

The total transition probability WkY. is the probability
of the elementary process of (4.1) multiplied by the
concentration Ν of the scattering centers. (The use of
one symbol for both probabilities should not lead to
misunderstanding.) We shall consider the scattering
centers to be distributed randomly, but with identical
orientations. This is precisely how the lack of a cen-
ter of symmetry in the medium is manifested.

The collision integral of (5.7) conserves the total
number of particles: J/»tadft = O. Taking (4.2) into ac-
count we resolve it into symmetric and asymmetric
components:

(5.8)/i= —U) dk\ ') dk'.

We see from (5.8) that /" actually exhibits the property
(5.3). The structure of the integrals /{ and / " differs
substantially. The features of the kinetics in the ab-
sence of detailed balancing can be seen already from
the fact that the balance of input and output is realized
not by the scheme k~k', but via the cycles k~k'~k"

k.

A very interesting problem is that of the form of /*"
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in the limit of small-angle scattering: | k' - k j « k.
That is, the integral equation (5.2) is replaced by the
simpler Fokker-Planck differential equation (FPE).
The FPE for elastic scattering constitutes the continu-
ity equation in momentum space:

^ f = - d i v P k . (5.9)

Here Pt(/») is the flux of particles in this space. Usu-
ally one treats the FPE in the absence of asymmetry
(assuming the principle of detailed balancing to hold).
In this case the flux P\ is determined by the first deriv-
atives of/k

 w i t n respect to the momentum, while (5.9)
describes the diffusion in k-space. The FPE proves to
be substantially modified in the absence of detailed
balancing.*8 The asymmetry of scattering leads to ap-
pearance of the second derivatives with respect to the
momentum in the expression for the particle flux P t .
That is, it increases the order of the Fokker-Planck
equation. The additional terms describe the drift of
the perturbations ft in k-space. The parity of the
terms on the right-hand side of (5.9) begins to differ
(for more details see Ref. 46).

Now let us examine the problem of the vanishing of
iff at thermodynamic equilibrium. Since W№,o: δ(ε*
- ε*·), the vanishing of /» for any function of the energy
is obvious. The vanishing of /"[/(ε»)] is not so obvious.
It arises only when the extra condition is fulfilled that:

jms

k.dk' = 0. (5.10)

We shall show that it is always fulfilled. To do this,
we take into account the fact that the optical theorem
holds for elastic scattering:

f H'k-k dk' = in Im /kk.

Here _/i,it is the amplitude of forward scattering. Ac-
cording to the reciprocity theorem we
and hence

excited into the conduction band at the rate

Ik-el2

6 ( k - k 0 ) . (5.11)

( Hv,_kdk'.

This directly implies the relationship (5.10).e) Thus we
have / " = 0 for any function of the energy.21'*' In par-
ticular, we can easily show that the relationship (5.10)
is actually fulfilled for the W£. given by (4.5). But if
we create an increment o/t arising from external sour-
ces that is not a function of ek, this increment must
have an asymmetric component. That is, a current
arises. Let us calculate the current using the impur-
ity model treated in subsection A of Sec. 4. As (5.6)
implies, a nonzero result arises only in the second or-
der in rj£,, since in the first approximation for/£ the
function /"(ε*) causes /t" to vanish. A departure of f{
from being a function of the energy arises when we ac-
count for anisotropy of excitation and recombination.
We obtain the following expression from (5.5) for the
correction δ/y to the Boltzmann distribution:

For the sake of simplicity, let the electrons be exci-
ted from symmetric s-centers. Then the second term
in the expansion (4.10) is essential, and electrons are

6)It has been shown48 that unitarity of the S-matrix suffices for
the condition (5.10) to be satisfied.

Thus anisotropy of excitation is associated with the po-
larization of the light. The recombination term rt/ t,
which contains an averaging over the polarization and
momenta of the emitted photons, is isotropic, and does
not contribute to/»". Employing (5.11), we can easily
derive the following expression for ferroelectrics21:

A a ( C 3 e ( c e ) ( 5 1 2 )Jph :

The direction of the current essentially depends on the
polarization of the light. The currents differ in sign in
the cases e l c and e n c. The quantity ji* vanishes on
averaging over the direction of propagation and the po-
larization of the light. In piezoelectrics, the current is
expressed in terms of the octupole moment of the scat-
tering center.39 Anisotropy of excitation (or recombina-
tion) can involve not only the polarization of the light,
but also the anisotropy of the crystal. In this case the
current averaged over the polarization of the light does
not vanish for ferroelectrics.

The mechanisms of the PGE based on asymmetry of
scattering are apparently the simplest. Yet, as a rule,
for impurity-band and band-band transitions, they yield
values of the photocurrents smaller than those obtained
in the models based on asymmetric ionization and re-
combination processes. We now proceed to treat these
models.

c) Ionization and recombination

Let us study an impurity-band transition. Then we
have the following expressions for Ut')":

ii" = Nowi.·", ii"=(N-Ne)fkwl·"·. (5.13)

Here No is the number of electrons on the impurities,
and Ν is the total number of impurities. Employing Eq.
(5.6), we can easily see that/£* differs from zero in
the first order in the parameter Γ&. However, before
we proceed to calculate the current within the frame-
work of concrete models of the impurity, we must make
a remark. As (4.7) and (5.13) imply, and as we have
already seen from the elementary model in Sec. 2, the
(/]{' •)"* do not vanish at thermodynamic equilibrium,
and they give contributions of the same sign to the col-
lision integral Si(/t). The kinetic equation contains ad-
ditional terms of the same order as (/^ )" caused by
scattering processes. In order to establish this extra
contribution, we again employ the optical theorem.
Taking the asymmetric recombination channel into ac-
count we have

\ W k'k dk -4- WJ = 4rt Im / k k . w«^"/

Upon employing the reciprocity theorem, /« =/.*,.*,
we see that WjjJ, satisfies the following condition i istead
of (5.10) in the presence of asymmetric absorbing cen-
ters" :

1 Wwi dk' 4- Wl' "' = 0 (K 1 Ό

"if the scattering potential possesses no bound state, then
W{'n= 0. Then we return from Eq. (5.15) to (5.10).
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Equation (5.15) directly implies that:

/ Γ " = ] (/κ + /*') Wti· dk' = 2/ί· ", /k -= / (ek). (5.16)

We can easily convince ourselves that the complete
asymmetric collision integral Ul-Il +I^)m vanishes
at thermodynamic equilibrium.2 But if the photon dis-
tribution is not in equilibrium with respect to the fre-
quency, the compensation of the three contributions
breaks down and a current arises. In contrast to the
scattering mechanism, it does not equal zero even in
the first approximation in the parameter r £ . Taking
(5.6) and (5.16) into account we have

Λ)Γ· (5.17)

Thus the effect of collisions on the processes of ioniza-
tion and recombination is reduced Jo a change of sign of
I{M . Adopting a concrete model for (W ·̂*')" we can
easily calculate the current. First let us study its
circular component. Utilizing Eq. (5.6), we obtain the
following relationship for ferroelectrics":

This current corresponds to the last term in the pheno-
menological expression (3.4). Only the ionization pro-
cess contributes to the current. Upon averaging over
the polarization jpt, vanishes.

In piezoelectrics the circular current is determined
by the tensor hn (see subsection Β of Sec. 4). In gyro-
tropic crystals, the circular current is determined to
a considerable extent by spin effects (Sec. 8).

To calculate the linear photocurrent in crystals, we
must take into account the distortion of the Bloch func-
tions by the potential of the impurity. Employing (4.14),
(5.1), and (5.17), we obtain the following expression for
dipole impurities21:

^ ) · . ""•-'1· (5.19)
The current contains two contributions of opposite sign
due to ionization and recombination. At small values
of &o (low frequency of the light), recombination pre-
dominates. In the latter the main participation is by
electrons that have been thermalized by interaction with
the phonon thermostat. That is, on the average they
possess the thermal momentum kt. Ionization domi-
nates at higher light frequencies, ko»ku and the cur-
rent changes sign. We shall show that the polarization
properties of the photocurrent essentially depend on the
state of the impurity. In principle, any dependence on
the polarization of the light is possible that agrees with
the phenomenology of the PGE.

In piezoelectrics the linear current is expressed in
terms of the octupole moment of the impurity.39 Then
only the contribution to the current from photoexcita-
tion exists. Upon averaging over the polarization of the
incident light, jPh vanishes in agreement with the pheno-
menology of the PGE (Sec. 3).

We note that a so -called fluctuational model of the PGE
has been proposed49'50 for impurity-band transitions in
a ferroelectric. It consists of the idea that the dipole
moment of an impurity can be altered when it is ionized,

and the electron moves in the field of the polarization
fluctuation that is created. Upon recombination (per-
haps at another impurity), the corresponding fluctuation
disappears. Unfortunately there are no calculations
nor concrete arguments favoring the possibility of real-
izing this model or showing that it does not contradict
the second law of thermodynamics. Possibly the ap-
pearance of a fluctuation can yield a correction to the
mechanism of asymmetric photoionization and recom-
bination discussed above. An attempt is also known of
explaining the PGE by Frank-Condon relaxation of the
ionic subsystem during ionization and recombination.51

As was shown in Ref. 52, such a model yields a zero
constant current.

6. THE PGE IN INTERBAND TRANSITIONS

Intrinsic absorption of light in crystals usually leads
to creation of electron-hole pairs or to transitions of
electrons (or holes) between two bands. The production
of electron-hole pairs is described by a two-particle
function Wtf. This is defined as the probability of cre-
ation of an electron with momentum k and a hole with
momentum k'.

In crystals lacking a center of symmetry, Wtt, is
asymmetric Ww* W+,^. The asymmetry of W& im-
plies that the probability of creation of an electron and
a hole with momenta k and k' differs from that of crea-
tion of a pair with the opposite momenta. Hence charge
transport arises upon photoexcitation.

In this section we shall present the formulas for the
electronic contribution to the current. The contribution
of the holes has the same sign, and as a rule, the same
order of magnitude.

a) Circular photocurrent

In calculating the circular photocurrent, we can ne-
glect the effect of electron-hole, electron-phonon, and
electron-impurity interactions. In this case the transi-
tions are vertical. That is, they conserve momentum,
w& =W\5(k + k'). Figure 6(a) shows the Feynman dia-
gram for the amplitude of this process. The probability
WY is determined by Eq. (4.8) if we take D^Dj to be
the matrix element of the dipole-moment operator taken
between the Bloch wave functions ί/£'". As before, the
matrix element DJJ has the property DJ = D!? that arises
from T-invariance. In transitions between s bands, it
fits the expansion (4.10) with real interband constants
f,g,h. These constants are now characteristics of the
crystal, rather than of the impurity, as in Sees. 4 and
5. The previously derived formulas (4.11) and (5.18)
for the probability WJ· and the circular current can be

a) b)

FIG. 6. Creation of an electron-hole pair: without (a) and with
(b) taking the Coulomb Interaction into account. The wavy lines
denote photons.
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fully transferred to the case treated here. Recombina-
tion processes do not contribute to j p h . In the studied
approximation the linear current is zero.

b) Coulomb interaction between electrons and holes

A linear photocurrent in the case of interband transi-
tions arises when we take into account the difference of
the wave functions of electrons and holes from the
Bloch functions. One can obtain this difference by tak-
ing into account the Coulomb electron-hole interaction.58

Thus there is a direct analogy with the mechanism of
the PGE in the case of impurity absorption (Sees. 4, 5),
where the potential of the impurity exerts the perturb-
ing action on the electron. Figure 6(b) shows the pro-
cess of creation of an electron and a hole taking their
Coulomb interaction into account. Momentum is also
conserved in this process. The asymmetric component
of Wk is proportional to the product of the amplitudes
shown in Fig. 6, i. e., to the value of the electron-hole
interaction. For comparison, Fig. 7 shows the Feyn-
man diagrams for the impurity-band transitions. In
the absence of distortions [see Fig. 7(a)] we have only
a circular current. With linear polarization of the
light, W" is proportional to the product of the ampli-
tudes of the processes shown in Fig. 7.

The asymmetric collision integrals describing the
photoexcitation and radiative recombination of electron-
hole pairs can be written by analogy with (5.13):

..-..-*.. ( 6 · υ

In addition to excitation and recombination processes,
it turns out to be necessary to ferroelectric crystals to
take scattering processes into account (just as in the
case of impurity-band transitions). Again their role
reduces to a change of sign of (/»)". Correspondingly,
the asymmetric correction to the distribution function
is described by Eq. (5.17). In the case of piezoelec-
trics, as above in Sec. 5, only the process of photoex-
citation is asymmetric.

The expression for W& in first-order perturbation
theory in terms of the electron-hole interaction has the
form

Wil = lm [(DVet) (Dlea)] - ^ ~

χδ(ε£ + ε£ — ε) δ(ε?, + ε{·,-ε).

Here eJ|(q) = e5J(-q) is the static dielectric permittivity,
we have ε= Κω - Ee, Eg is the width of the forbidden
band, and e£'ft are the energies of the electron and hole
referred to the edges of the corresponding bands. In

a) b) *

FIG. 7. Impurity-band transition without taking into account
the effect of the impurity potential on the free electrons (a) and
taking this effect into account (b).

the studied mechanism the asymmetry of Wt exclusively
involves the asymmetry of the matrix element Dj, just
as in the second mechanism of the linear current in the

' region of impurity absorption (Sec. 4).

For many piezoelectrics, the quantities D?, and

z\ are known from experiments or are amenable to
calculation.54 If we assume that ε^ = c^{j, while taking
the dispersion laws to be isotropic and quadratic and
employing the expansion (4.10), we can easily derive a
simple expression for the photogalvanic tensor β\1η.
For piezoelectrics it has the form

P
s ce xe2 μ Α·ρΑη̂  / - *v

«"— Sir»!1. »_«<„ ~^7 a · \Ο.ύ>

Here μ is the reduced mass of the electron and hole.

Equation (6.2) holds under the condition that the Cou-
lomb interaction is small:

— < kaa € 1.
•B

(6.4)

That is, it holds for crystals having a large enough di-
electric permittivity and small effective mass. In par-
ticular, they include the well studied crystals of the
ΑητΒν group. In concrete calculations we must allow
for the fact that the hold bands in these crystals are
degenerate at k = 0 and are not spherical.

In the region of small k, the applicability of perturba-
tion theory breaks down8' (exciton effect). However,
there is a simple model within whose framework the
calculations can be performed for any strength of Cou-
lomb interaction.53 This is the model of nondegenerate
spherical bands. The transition probability is deter-
mined by Eq. (4.8) with ε± = ̂ Κΐ/2μ, and we have

t = e ( i|S(r)rdr. (6.5)

Here the i/£(r) are the Coulomb wave functions of the
continuous spectrum for a particle of mass β and
charge eco1/2. We can rewrite Eq. (6.5) by making use
of the fact that the system of Bloch functions forms a
complete set:

£r· (6-6)

For small k, employing the expansion (4.10) for Dj
and transforming in Eq. (6.6) to the coordinate repre-
sentation, we get

> • (6.7)

The limit in (6.7) is taken in the following order: first
one averages over the angles, and then lets r | — 0 . By
using (6.7), one can easily derive explicit expressions
for the linear and circular currents, both in ferro- and
in piezoelectrics. We should point out that a linear
current arises in this model only from the complex
nature of the function !^(r) and of its derivatives for r
= 0.

We can also employ Eq. (6.7) to calculate W^ in the
case of ionization of an electron from a deep neutral
impurity. Its region of applicability is koa« 1. In the

8)An analogous situation arises in calculating the probability of
ionization of a neutral impurity center.
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ionization of a shallow neutral impurity, the region of
applicability narrows: koaB « 1 .

c) Electron-phonon interaction

Electron-phonon interaction also distorts the Bloch
wave functions, and hence gives rise to a linear photo-
current. This "phonon" mechanism of the PGE com-
petes with the "Coulomb mechanism" treated above.
The processes of photoexcitation are shown by Feyn-
man diagrams in Fig. 8.

The diagrams of Figs. 8(a, b) describe the processes
of real emission of phonons by an electron and a hole
(indirect interband transitions), while the diagram of
Fig. 8(c) shows the process without real emission of
phonons (renormalization of the electron-photon inter-
action vertex).

There are two such contributions to Wft, and cor-
respondingly two contributions to the linear current.
The first one arises from the product of the probability
amplitudes shown in Fig. 6(a) and 8(c). This contribu-
tion is diagonal in the momenta k and k'. The second
contribution comes from the product of the amplitudes
in Fig. 8(a, b). It is nondiagonal in k and k', since the
momentum of the electron (or hole) is not conserved
upon emission of real phonons.

The Hamiltonian of the electron-phonon interaction
is chosen in the standard way.

For optical phonons, we can write the matrix ele-
ment of the Hamiltonian in the form

J '
(6.8)

Here the t^ are the phonon amplitudes, Q is the effec-
tive charge of the optical mode, and D is the deforma-
tion potential constant.

The methods of calculating the currents arising from
electron-phonon and electron-hole interactions are
quite analogous. In the case under discussion, the cur-
rent is proportional to the product of the electron-pho-
non and hole-phonon interaction constants.

As we see from (6.8), the electron-phonon interac-
tion is per se asymmetric, with # , * # . , . Thus it dif-
fers from the fully symmetric Coulomb interaction.
Hence there are two independent contributions to the
current involving the asymmetries of Dj and of H\'h.
The electronic contribution to the photogalvanic tensor
has the form55

( 6 · 9 )

a) b) c)

FIG. 8. Indirect interband transitions with emission of a pho-
non by an electron (a) and by a hole (b)j renormalization of the
electron-phonon interaction vertex (c). Dotted lines: phonons.

Here Ω is the frequency of an optical phonon, and Μ is
the mass of the unit cell. The second contribution to
β'Ιη, which characterizes the asymmetry of the elec-
tron-hole interaction, can differ from zero not only in
ferroelectrics but also inpiezoelectrics (e.g., for holes
in A n i B v compounds).

In treating the interaction with acoustic phonons, we
must take into account both the deformation and the
piezoelectric potentials. We can estimate β'(1, by re-
placing the quantity toieQ/tJ^c? by the deformation
potential constant Dak. Naturally, the concrete tensor
structure is altered.

Generally the effect of electron-phonon interaction
does not reduce merely to the asymmetry of the ioniza-
tion-recombination processes. As has been shown,53

the scattering by phonons is also asymmetric. How-
ever, such asymmetry arises in a higher order of per-
turbation theory with respect to the electron-phonon
interaction. In its interpretation it is analogous to the
asymmetry of the electron-impurity scattering (Sec. 4).
We note that the existence of a photocurrent owing to
asymmetric electron-phonon scattering does not re-
quire anisotropy of the nonequilibrium increment to the
distribution function. Owing to the inelasticity of elec-
tron-phonon scattering, a current arises in ferroelec-
trics if the nonequilibrium correction to the distribution
function is a function of the energy.

In closing this section, we shall make two general re-
marks on the method of calculating the PGE. Taking
into account all the contributions to the current that
exist in a certain order of perturbation theory is im-
portant not only from the standpoint of quantitative cal-
culations. In the absence of detailed balancing, a ne-
glect of even one of the processes shown in Fig. 8 un-
avoidably leads to a current at thermodynamic equili-
brium, i. e., to an internal contradiction of the theory.
A general prescription for distinguishing the groups of
processes that yield a zero current at thermodynamic
equilibrium (valid in any order of perturbation theory)
is given in Ref. 55.

As one can show by employing invariance under time
inversion, the contributions to / " that lead to β'1}1 must
contain an even number of pole terms (no less than two).
The contributions to I" that lead to 0" must contain an
odd number. Correspondingly, the tensor β\η must
contain an odd number of dissipative constants (of the
type of Γ^ and y), while the tensor &\} must contain an
even number. The proof of this rule rests on the fact
that the dissipative constants (when calculated by per-
turbation theory) contain and odd number of pole con-
tributions, since invariance under time inversion is
broken in the kinetics by the definite rules of passing
around the poles of the energy denominators.

d) The role of anisotropy and nonparabolicity

Above we have neglected anisotropy and nonparaboli-
city of the dispersion law for the electrons. In a num-
ber of cases it may be essential to take them into ac-
count. For example, let us study indirect optical tran-
sitions in a crystal having the band structure shown in
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Fig. 9. On the basis of the studied models, one might
assume that in this situation the PGE is especially
large, since the phononless process is energy-forbid-
den. However, generally this is not so. In the given
situation, the contribution to β'ίπ caused by emission of
phonons in the process of photoionization is zero. Ac-
tually, by virtue of arguments involving invariance un-
der time inversion, a contribution to β|Ιη arises only
from the pole terms. That is, the tensor β'Ιη is pro-
portional to the product of two δ-functions of the energy.
If we neglect the energy of the phonon, these products
have the form

or

We can easily see from Fig. 9 that the product of the
δ-functions near the absorption edge is zero, since
their arguments do not vanish simultaneously. How-
ever, anisotropy should not strongly affect the order
of magnitude of the PGE whenever the phononless pro-
cess is energy-allowed. Actually, the renormalization
of the matrix element of the dipole moment contains a
product of δ-functions of the form δ(Κω - ε£ - ε{)δ(#ω
- ε|· - εί •), which do not vanish, even in the case of
substantial anisotropy.

Reference 56 has treated the case of practical impor-
tance of optical transitions between two subbands of a
complex band. In many cases, this situation is con-
venient both for calculating the PGE and for experiment.
Calculations have been performed for the piezoelectric
n-GaP of the photoexcitation of electrons from the mini-
mum of the conduction band x\ (lying on the (100) axis)
to the higher band-X|. Taking the asymmetry of the
crystal into account the degeneracy of this band is re-
moved; the splitting amounts to 0.3 eV. The band
structure of GaP is substantially nonparabolic, how-
ever all the parameters of the crystal are well known.
Taking the interaction with optical phonons into account
in photoexcitation (subsection C, Sec. 6) made it possi-
ble to obtain quantitative agreement between the results
of the calculations and the experimental data.57

7. INTRABAND TRANSITIONS

The mechanisms of the PGE treated in the previous
sections involved impurity-band and band-band reso-
nance transitions. A PGE can also arise when the en-
ergy of the photon does not suffice for such transitions,
and one can speak only of intraband movements of
charge carriers. An important feature of the studied

situation is the need for taking into account correctly
the contributions to the photocurrent that are nondia-
gonal in the band numbers.91 The physical meaning of
the nondiagonal contributions consists of the renormali-
zation of the law of dispersion of an electron by light
owing to crossing of different bands. As was noted in
Ref. 17, the renormalized energy zt of the electron
has the asymmetry ε^ε.*. However, asymmetry of
the dispersion law alone does not suffice for appearance
of a PGE. It was shown58 that the nondiagonal contri-
butions to the current always cancel a part of the dia-
gonal contributions. The contributions to the current
from the asymmetry of the group velocity Vkf5t cancel
those from the asymmetry of the distribution function,
since

jvkek/(?k)dk = 0. (7.1)

Thus the photocurrent without taking the electron-pho-
non, electron-impurity, or other interactions into ac-
count is exactly equal to zero. In other words, the PGE
involves the real absorption of light, and is impossible
without taking dissipative processes into account. We
note that an underestimate of the cancellation described
above led the authors of Ref s. 5, 17, 59, and 60 to the
erroneous conclusion of a possible PGE in the absence
of collisions. The absence of a current when we neglect
collisions naturally agrees also with the simple views
of the impossibility of maintaining an ordered state of
the system in the total absence of dissipative proces-
ses.

A photocurrent based on free carriers caused by
asymmetric scattering by impurities and phonons has
been treated in Ref. 58. The mechanism of the PGE
corresponds to the elementary wedge model of Sec. 2.1.
The electrons perform ordered oscillatory motions in
the field of the wave and are scattered from time to
time by impurities or phonons. In principle, both the
diagonal matrix elements of the impurity potential or of
the Hamiltonian of the electron-phonon interaction and
those nondiagonal in the band numbers can be substan-
tial. If the frequency of the light is much smaller than
the interband spacings, the contribution of the nondia-
gonal elements is small.

In treating intraband processes, we can distinguish
three characteristic frequency regions: ω « Γ; ΗΤ
«Κω« Τ; Τ «Κω. At low frequencies the current
ceases to depend on ω and actually coincides with the
quadratic correction to Ohm's lwa [the second term in
the phenomenological relationship (3.1)], which has
been discussed in Ref. 47.

In the intermediate frequency region, ΗΓ«Κω« Τ,
the electromagnetic field E{t)-Ee'iut + complex conju-
gate can be treated classically. That is, it can be tak-
en into account via the drift term eE(i)3/k/9k in the
kinetic equation (5.2). A high-frequency correction to

FIG. 9. Diagram of indirect band structure. The phononless
process is energy-forbidden.

9)In calculating the PGE by Kubo's formula for the nonlinear
response, one contracts the principal terms, while one can
get the final result by an accurate evaluation of the indeter-
minacies of the type O/θ that arise. Similar difficulties are
also encountered in the theory of various dissipative effects
(see, e.g., Ref. 42, p. 222).
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the distribution function appears in the first order in
E(i). In the second order, the quantity /k becomes ani-
sotropic, i. e., the following correction arises:

6/t = m.r^.-1 kE |»/l. (7.2)

Just as happened in subsection B, Sec. 5, the aniso-
tropic increment after taking into account the asym-
metry of the collision integral gives rise to a current.
Using the model of dipole impurities, we have

tee/ , edNa hktv. • .
-fct° „ , , r . (c-3e(ce)).1 Uo (7.3)

The absorption coefficient K = 8im0e
2rtao /mcu? in this

model does not contain any extra parameters of the
crystal [as compared with (4.5)].

We note that Eq. (7.3) has been derived under the
assumption dT^ /dt = 0. Otherwise an additional con-
tribution to the current arises that involves another or-
der of iteration in solving the kinetic equation.

In the frequency region ω » Τ, the interaction with
light is of a quantum nature. We must deal with pro-
cesses of quantum absorption and emission of photons
by electrons with simultaneous scattering by impurities
or phonons. Figure 10 shows typical Feynman dia-
grams for such processes as applied to scattering by
impurities. A contribution to the current arises from
the product of the amplitudes of the processes shown by
the diagrams in Fig. 10. One can find the pertinent
calculations in Ref. 58. We shall point out only the
characteristic temperature-dependences of the tensors
β* and β". In scattering of electrons by octupole im-
purites in piezoelectrics, we have /3*°c Τ'1/2η0(Γ), and
β" =0, where no(T) is the concentration of free carri-
ers. In scattering by optical phonons we have β'&
Ι^ηοίΓ), β'«: 2*Be(T) (we assume that T»KaD, where
Ωο is the Debye frequency). The value of the photocur-
rent normalized to the absorption coefficient is of the
same order of magnitude for intraband transitions as
for band-band and impurity-band transitions.

8. SPIN EFFECTS

a) Polarization of electrons by light

Spin-orbital interaction causes the electric-current
operator of an electron to depend on the spin. If the
electrons are polarized, an additional contribution to
the photocurrent arises. In a number of cases this
contribution is the principal one in spite of its relati-
vistic smallness. Polarization of electrons arises in
semiconductors in interband optical transitions caused
by elliptically polarized light.*1 Here a circular photo-
current arises in the crystal, since the spin polariza-
tion of the electrons is proportional to the degree of
circular polarization of the light.

Let us study a very simple model that produces such
an effect.62 Let the conduction band and the valence
band be s- and />-bands. Figure 11 shows the band
structure in the neighborhood of an extremal point.
The Hamiltonian of an electron in the valence band and
that in the conduction band taking intraband spin-orbital
interaction into account have the following forms for
small k:

(8.1)

Here L are the orbital angular momentum matrices, σ
are the Pauli matrices, and Δ*, is the spin-orbit split-
ting of the valence band. The tensor rtJ is analogous
in its transformational properties to the gyration ten-
sor. Hence we have yit* 0 in crystals that allow a cir-
cular PGE. The photocurrent is expressed in terms
of the spin density matrix. Its electron component has
the following form (the hole contribution has a similar
appearance):

(8.2)

Here ν are the quantum numbers pertaining to the val-
ence band, and we have D = D°(k = 0). The spin polari-
zation and current are maximal when the total energy
ft2&2/2μ is much smaller than the spin-orbit splitting
Δο. In this limit we have

16 1 D | ' fc 0 m(o
Zclfl (8.3)

We noted earlier in subsection B, Sec. 4 that in piezo-
electrics the mechanism of the circular current not in-
volving spin has the relativistic degree of smallness
v*/c2. It proves to be suppressed in comparison with
the spin mechanism (in terms of the parameter koa« 1).
The above-discussed mechanism of the origin of the
circular current is also of interest in being realized
in crystals of class O, which have no piezotensor, but
only a gyration tensor.

The mechanism of the PGE in tellurium proposed in
Ref. 63 also involves polarization of the electrons by
light. The band structure of tellurium in the neighbor-
hood of an extremum resembles that shown in Fig. 11.
However, the extremal point lies at the boundary of the
Brillouin zone (we have implicitly assumed above that
the extremum lies in the center of the zone), so that
there are several equivalent extrema. The method of
calculation is analogous to that discussed above, but it
explicitly takes into account the anisotropy of the crys-

a) b)

FIG. 10. Typical Feynman diagrams for intraband electron-
impurity scattering.

A
FIG. 11. Band structure in the region of an extremum of the
Brillouin zone taking spin-orbit splitting into account.
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tal and the difference in mass between light and heavy
holes that are known from experiment.

References 63 and 64 have also treated the PGE in
tellurium based on free carriers. They calculated a
process of absorption of light by an electron in the
conduction band consisting of two stages: absorption
by the electron of a photon with virtual transition to
the valence band and emission (or absorption) of a pho-
non in an inverse transition. These processes are de-
picted by the diagrams in Fig. 8; here the vertex func-
tions for optical phonons nondiagonal in the band num-
ber are taken into account. In this mechanism of the
PGE, the asymmetry of the dispersion law with spin
taken into account is the decisive factor that leads to a
photocurrent. The electronic contribution to the photo-
galvanic tensor has the form6*

-τ~~*ΓΓ VZJ
e2 Smc

po£g
ι D |2 l

(8.4)
Here p0 is the density of the crystal, the Dv are the in-
terband deformation potential constants for optical pho-
nons, and the Ων are the phonon frequencies. Agree-
ment between theory and experiment64 is attained at
room temperature for |x>i | = \D2 | =9 eV/A. The hole
contribution to the PGE dominates at temperatures be-
low 230 Κ and is calculated analogously to the electron-
ic contribution discussed above.

b) Effect of a magnetic field on the PGE

When a weak magnetic field is applied to a crystal,
the following increment to the photocurrent arises:

There are two different contributions to 6j. The more
perspicuous contribution to the photocurrent comes
from the Lorentz force acting on the current of elec-
trons arising from the ordinary PGE. This correction
is analogous to the Hall current, and it has the degree of
smallness as compared with the ordinary photocurrent
of ω,,/Γ^,, where u>c = eH/mc. If the photocurrent is
directed along the polar axis c, then the "Hall" current
flows along the vector cxH.

In the photoionization of electrons from paramagnetic
impurities, the electrons enter into the conduction band
in a polarized state. The polarization of the electron
spin is proportional to the magnetic field: soc Κωο/Τ.
This polarization yields a second contribution to the
photocurrent that can be calculated in the same way as
the spin contribution caused by light.65 This extra con-
tribution differs from the ordinary photocurrent jPh by
the presence of the extra factor (Ze2Ac)2(afe0)'1a><./r.
We can conclude that the effect of the magnetic field is
determined at high temperatures by the "Hall" contri-
bution, while spin effects are important at low temper-
atures. At low temperatures δ] increases in propor-
tion to T'1.

In a quantizing magnetic field with a fixed frequency
of light, the photocurrent must undergo the usual os-
cillations as a function of the variable 1/H involving the
passage of the Landau level through the resonance energy.

The mechanisms of the photocurrent is magnetic
materials lacking a center of symmetry are of especial
interest in the theory of the PGE, in particular, in
ferroelectric-magnetics. The dispersion law in such
crystals without taking spin into account contains terms
odd in the momentum:

k, + -j mjjkikj + &ljinklkjk,Mn. (8.6)

Here Μ is the magnetization of the crystal. The expres-
sion (8.6) is quite analogous to (8.1), but with the spin
of the electron replaced by the magnetization. The
microscopical nature of such terms involves the "spin-
foreign orbit" interaction.

Evidently any nonequilibrium in a crystal having an
asymmetric dispersion law like (8.6) should give rise
to a current. For optical transitions between s-bands
and with DJJ =igk, we have

(8.7)

In calculating β\μ, there is no need to take into account
the distortion of the wave function of the electron, since
the magnetization Μ changes sign upon time inversion.

9. FEATURES OF THE PGE AT HIGH LIGHT
INTENSITIES

Thus far we have been treating the PGE at low light
intensities. As we know, the condition for J to be
small consists of having the characteristic frequency
of the transitions \ =E · D ^ T ^ . Here we understand
Tmaj[ to be the longest of the relaxation times in the sys-
tem. Only in this case can we treat light-induced tran-
sitions by perturbation theory. The PGE in the region
of high light intensities (\r » 1) is of special interest.10'
The photogalvanic current in the field of a circularly
polarized wave proves not to depend on the relaxation
parameters of the medium (y, Γ ,̂,, etc.), but remains
constant as these quantities approach zero. In this
sense, we can speak of realizing a nonequilibrium, non-
dissipative current state of the crystal.

To illustrate, let us examine the following simple
model. Let the light-induced transitions occur between
the nondegenerate valence band and the conduction band.
We shall assume the energy Κω of a light quantum to be
close to the width of the forbidden band. The condition
\ T » 1 implies that an electron can perform a large
number of interband transitions within the time between
collisions with impurities, phonons, etc. Hence it
seems natural in a first approximation to neglect relax-
ation processes completely. Owing to the smallness of
the wave vector of the light wave in comparison with the
momentum of the electron, the transitions between
bands are vertical, so that the states of the electron in
bands having momentum k (or states of an electron and
a hole with momenta of k and -k) prove to be coupled in
pairs. Here the dynamics of the electrons are fully
described by the formulas for a two-level system.
However the existence of a current is evident without
calculations. The quantity \, which determine the

10)Such intensities are easily attained in laser pulses.
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rate of transitions between the upper and lower levels
having momentum k and also the width of the resonance,
is not an even function of the momentum (see Sec. 4).
Hence the contributions to the current from the states
k and -k do not cancel. On the other hand, the transi-
tions of the electron between the state k in the valence
band and the state k in the conduction band give rise to
a current, since the velocities of the electrons in the
bands ν*ε»'° differ (they are simply opposite to one
another if the dispersion laws for electrons and holes
are the same).

Assuming all the electrons at ί = 0 to lie in the lower
band, employing the known formulas for a two-level
system,22 and summing over the momenta, we can easi-
ly derive the following expression for the constant cur-
rent811:

Ι λ * I 1
dk

(2n)« (9.1)

Here %t = {2tk-ttu-Ee)/2 is the detuning from reso-
nance. The integral in (9.1) is determined by the reso-
nance energy region, 5 k ~ \ . Assuming the dispersion
law of ε* to be quadratic and employing the expansion
(4.10) for small k, we obtain

iph = T2HF*' .-^ |y№ E *] · (9.2)

A characteristic feature of (9.2) is the square-root de-
pendence of the current on the light intensity. On re-
versing the direction of rotation of the polarization j p h

changes sign, in agreement with the invariance of the
equations of motion under time inversion. Analogously
one can construct a dynamic model of the PGE for im-
purity-band transitions.

It should be stated that the above-discussed dynamic
description of the PGE is not completely consistent.
It completely ignores the slow relaxation processes
that generally remove electrons from the resonance
energy region. A consistent theory of the effect must
be based on rigorously taking into account the slow
"mixing" processes in fe-space. A technique for taking
into account relaxation processes at high light intensi-
ties has been developed.87 · Μ It is based on introducing
new quasiparticles that are superpositions of electrons
and holes in the field of the light wave. This takes the
resonance interaction with the light into account exactly.
In contrast to ε», the energy of the quasiparticles is not
an even function of the momentum:

The distribution function of the new particles obeys the
usual kinetic equations. The presence of light is re-
flected only in the form of the coefficients of these
equations and of the energy ε*. The stated technique
enables one to obtain a consistent expansion of the
characteristics of the crystal in the small parameter
(λτ)"1.

Following Refs. 67 and 68, we can derive explicit ex-
pressions for the photocurrent taking the electron-pho-
non interaction and radiative recombination into account.
The form of the current and its magnitude turn out to
depend on the relationship between the relaxation con-
stants. If radiative recombination is the fastest of the

relaxation processes (rko/r« 1), then the expression
for the current coincides identically with (9.1) which
follows from the dynamic model. This result stems di-
rectly from the vertical nature of the transitions in
radiative recombination, i. e., the lack of energy trans-
port. In the more typical situation (Γ^ο/ν»!), the
expression for the current takes on the form66

Jph = i- 2 «ί1 t a n h ^ ^ v " Ιλ" ί2· (9.3)
k

Just like (9.1), it does not contain any constants char-
acterizing relaxation. The distribution of electrons and
holes corresponding to the situation discussed above has
the form of a step-function with the boundary momentum
&o, which is determined by the condition of resonance,
ξ» = 0 . 8 7 This means that the electrons are removed
from the resonance region and fill the bottom of the
conduction band. As compared with (9.1), the current
of (9.3) is diminished by a factor of \/f+.; we assume
that ε» »Τ. Interestingly, the case Γ ^ / y » ! corre-
sponds to the Fermi distribution functions of the ficti-
tious quasiparticles (βχρε^/Τ +1)"1. In this sense the
current is calculated with equilibrium distribution func-
tions.

Let us stress the difference between the relationships
given in this subsection and the mechanisms of the PGE
treated above. The photocurrents of (9.2) and (9.3) do
not vanish as the parameters 7, Γ,^, and κ character-
izing the dissipative processes approach zero. Gen-
erally the conductivity σ of the crystal approaches in-
finity in this limit.

In the case of linear polarization of light, the cur-
rents of (9.1)-(9.3) vanish. In order to describe the
PGE in this situation, we must take the asymmetry of
the relaxation processes into account. Here the PGE
is dissipative in character.

10. THE PGE IN GASES

Existence of the PGE in gases (and also in liquids)
must be associated with the existence in them of free
charge carriers. The simplest mechanism of the effect
can involve photoionization of the molecules. Evidently,
in order to describe the PGE one must determine (W\)
as, i.e., the asymmetric component of the probability
of photoexcitation of an electron averaged over all pos-
sible orientations of an individual molecule. One can
obtain a nonzero result for gyrotropic (i.e., right-hand-
ed or left-handed) molecules. Such molecules must
consist of a minimum of four atoms not lying in one
plane. The approximations employed in Sec. 4 prove
insufficient for calculating (W?). The simplest ap-
proach here is the following. Let us study an expan-
sion for small k of the matrix element of 1^ taken be-
tween the exact wave functions of the initial and final
states [cf. (4.10)]:

D, (k) =7c, + + ..., / = f·. (10.1)

The tensor git and the vector c{ are rigidly bound to the
orientation of the molecule. The asymmetric compo-
nent of the ionization probability (4.8) does not vanish
upon averaging over the angles:
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Δ-ε,,), (10.2)

since the tensor glt for gyrotropic molecules possesses
the antisymmetric component lm(cigjl) =Vz(ji, where η
is a pseudoscalar. Actually the result obtained corre-
sponds to interference of the first and second orders of
perturbation theory for Dk in terms of the asymmetric
potential of the molecule. To find the current, we can
directly employ the formulas (5.1) and (5.6):

^ J / s F " " ^ " ? - ^ 6 * 1 · * i = T*!'·- (10.3)

The isotropization rate Γ ^ in gases can be considerab-
ly smaller than in solids.

Thus far the PGE has not been studied in either li-
quids or gases. Hence it is expedient to give an esti-
mate, however crude, of the current. Let us assume
that the dimensionless parameter n/g, which charac-
terizes the degree of asymmetry of the molecule, is of
the order of 10'3, and that the velocity of the photoexci-
ted electrons Kk^/m is ~107 cm/s, with r t o -ΊΟ 1 1 ^' 1

and κ~1 cm'1. Then we get the following value for the
photocurrent:

/ph(A/cm2)~10-V(W/cm2).

Interestingly, the literature has described an effect
essentially akin to the PGE in gases and liquids.89'70

This concerns the mechanism of separation of right-
and left-handed molecules in a liquid by an alternating
rotating field. The fluxes of right- and left-handed
helical molecules turn out to be oppositely directed and
are proportional to the vector product e x e*. The
mechanism of separation differs essentially from the
mechanisms of the PGE and consists of the following.
If the molecules have a dipole moment, they will rotate
in the external field, following its polarization vector.
Then, owing to the "propeller effect," the rotational
motion of the helical molecules in the liquid is convert-
ed into translational motion. Here the directions of
translational motions for the right- and left-handed
molecules are, naturally, opposite.

11. COMPARISON OF DIFFERENT MECHANISMS
OF THE PHOTOCURRENT

This review has treated a considerable number of
mechanisms of the PGE. It is useful to carry out a
preliminary comparison of them, and also to estimate
the size of the competing effects: the Dember effect
and the effect of light pressure, which exist in homo-
geneous crystals. To estimate the photocurrent, it is
convenient to normalize to the light intensity and the ab-
sorption coefficient κ:

(11.1)

TABLE I.

/ph = GXJ.

In Table I we show the results of estimates of the Glass
constant G for different optical transitions and different
types of crystal symmetry. Of course, these esti-
mates cannot encompass the entire variety of possible
physical situations. They serve mainly for a rough
orientation of the reader as to the size of the various
mechanisms of the effect.

We must discuss in greater detail the choice of values

Type of
current

Type of
transition

I

! I

III
IV

Type of
current

Type of
transition

I

II

III

IV

Circular

Impurity-band

kit

5-10-»

k'hjili

πιίύί '

5-10"12

Ditto
0

Linear

Band-band,
acoustic phonons

σ Τ maa*

ΪΜ~Μ7\~ΜϊΓ'

ίο-9

ined Τ

ε«Λω Mc\

ma

kh' '

lO-io

Ditto

0

Linear

Impurity-band,
neutral impurity

kh

mb) '

5· 10"β

k'hijih

ituaj '

D-10'1 1

Ditto
0

Linear

Impurity-band,
charged inpurity

Linear

Band-band,
optical phonons

4πα j /20h Κ

5·ΙΟ"8

4πα

ω

„ , / - SnhdW

'* V e^mMOa

Χ * 2 '
5 10-'»
Ditto

0

edk

ε0Λω '

ΙΟ"8

eQk3

ε0Λω '
10-"

Ditto
(1

Circular

Spin
mechanism

lit
ω '

5-10-»

Ίίΐ
ω '

5-ΙΟ'11

Ditto

HI
ω '

5 10-»

Circular

Band-band

kh

tllili '

5 10"8

k>ht!h
nuiif '

5-10-1'-
Ditto

0

Linear

lntraband,
scattering by
impurities

edk

ε,ha ·

10->

eQK>

εβΗω '

Ι Ο - "

Ditto

0

Linear

Band-band,
Coulomb
interaction

h

a^mta '

10-«

k'hijih

10-io

Ditto
0

Circular

lntraband,
scattering
by phonons

ι y πω hyij

V ~T~EJ
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, /"δω" hyu

V Τ Eg

5-10"8

0

y/isrhyij

V Τ Eg·
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Note. Row I—ferroelectrics, II—gyrotropic piezoelectrics,
III—nongyrotropio piezoelectrics, IV—crystals of class O.
The upper line of each row gives the symbol estimate of the
quantity GHTiS0/e, and under it the numerical estimate of
G(A-cm/W). The numerical values of the parameters con-
tained in the table are: Γ ω ο =ιο 1 3 s"1—isotropization rate; m
= 1O"27 g—mass of an electron; ω = 3 χ 1015 s —frequency of
the light; εο = 10—static dielectric permittivity ε« = 2—high-
frequency dielectric permittivity; α = 3 χ ΙΟ"* cm—lattice con-
stant; T = 300K; n=101 4s"'—optical phonon frequency; c 8

= 5 χ 105 cm/s—velocity of sound; Μ = 1(Γ22 g—mass of the unit
cell of the crystal; σ=5 χ 10"12 erg—deformation potential;
ot» 1—electron-phonon coupling parameter; N= 10ls cm"3—
impurity concentration; Et

ω—width of forbidden band.

of the parameters involving the asymmetry of the crys-
tals. The asymmetry parameter for ferroelectrics is
ξ/ =d/ea, where d is the dipole moment of the unit cell.
For piezoelectrics we have ^ = Q/ec?, where Q is the
octupole moment of the unit cell. The degree of gyro-
tropy of the crystal is characterized by the quantity
^ =g-Aa~1,34 where g is the gyration vector and λ is the
wavelength of the light. For ferroelectrics we find
ξ^ΙΟ^-ΙΟ" 2 , 7 1 and for piezoelectrics k, «ΙΟ^-ΙΟ"3,35·72

i. e., an order of magnitude smaller. For gyrotropic
crystals we find ^ ̂ ΙΟ^-ΙΟ"3.3* We shall assume that
the parameters/, hUm h(l, and ya (see Sec. 4) are of
an order of magnitude fixed by the atomic scale and the
corresponding asymmetry parameter. Thus f~d~ \clea
is the characteristic dipole moment, and hiln~Q ln
a ξ,βα3 is the octupole moment. The constants ku and
ya have a relativistic degree of smallness: hu p 1

Hcfec?; yn = ̂ c^/HcfZ2 ~10B cm/s. This is of the
order of the velocity of the polarized electrons at the
edge of the band, Ζ = 25. We have chosen the charac-
teristic momentum of an ionized electron by the condi-
tion of maximizing the coefficient
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Ο : Αο 12. MACROSCOPIC MANIFESTATIONS OF THE PGE

The fundamental conclusion that arises from the table
is that the coefficient G depends considerably more
strongly on the type of symmetry of the crystal than on
the mechanism of light absorption (the type of optical
transition). In other words, the value of the photocur-
rent critically depends on the absorption coefficient κ,
rather than on the Glass constant G, which is to a con-
siderable extent universal for a given type of crystals.

Let us discuss the temperature- and frequency-de-
pendence of the parameters that govern the PGE. The
collision rate Γ ̂  and the asymmetry parameter kf
show a strong temperature-dependence. In the low-
temperature region we find r t o «Γβ + (τ/0)50, and Γ^
<*• Τ in the high-temperature region. The asymmetry
parameter shows a substantial temperature-dependence
near the phase-transition temperature: ξ, * {Τ - Tc)

1/Z,
since ξ, is defined as being proportional to the order
parameter. In the neighborhood of a ferroelectric
phase transition, we must account for the temperature-
dependence of the dielectric permittivity: εοa (T - Tj'1.
Screening effects involving the increased concentration
of free carriers can be substantial at high temperatures.

Near the absorption edge, as we see from the con-
crete expressions for the PGE, the Glass constant G
is proportional to a power of the parameter feo=*"1[2»n
x(*o>-.E,)]1/2.

Let us estimate the magnitude of the effects compet-
ing with the PGE. The current caused by entrainment
of electrons by photons can be easily estimated by tak-
ing into account the fact that the electron acquires the
momentum 2τιΚ/λ per absorption event. Hence we have15

eJ 2π (11.2)

The current arising from the Dember effect differs
from zero in interband transitions and is caused by dif-
fusion of photoelectrons and holes that have been inho-
mogeneously excited by light absorption. The magni-
tude of the current depends strongly on the relationship
between the absorption length, the Debye radius, and
the diffusion length. In the most typical case of bipolar
diffusion, in which the concentration of photoelectrons
is much larger than the dark concentration,1'2 we have

«.-•&·/?. -
(11.8)

The diffusion coefficients for electrons and holes are
assumed to be of the same order of magnitude.

Upon comparing (11.2) and (11.3) with the estimate
for the photogalvanic current of (2.2), we see that the
parameters ξλΑ·0/2ττ and i(kl)/kt){y/rim,)1'2 serve as a
measure of the smallness of the competing effects.
Since 2π/λ&0 is of the order of magnitude of the fine
structure constant, usually the photocurrent should be
smaller than j t a U . As a rule, for interband transitions
JD> jph- We note that the PGE can be distinguished
against the background of other effects by its depen-
dence on the orientation of the crystal and the polariza-
tion of the light.

This section will treat a number of secondary effects
that are directly caused by the PGE. These effects are
important mainly in high-resistance ferroelectrics
characterized by large values of the electrostatic fields
arising from the PGE (up to 10*-10! V/cm).

a) Spatially oscillating current

Most crystals lacking a center of symmetry possess a
considerable birefringence. When polarized light is
incident on such a crystal, two electromagnetic waves
propagate in it with differing wave vectors and polari-
zations.78 Here the overall polarization of the light
oscillates in space with a period determined by the dif-
ference in velocity of the intrinsic modes,

Ε (r) oc exp [i(qi-qj)-r],. <%., = ralt.,o>. (12 .1 )

According to the phenomenological relationship (3.2),
the photocurrent is also modulated in space along with
the polarization. The degree of modulation of the cur-
rent depends on the conditions of illumination and the
structure of the photogalvanic tensor β(ί,.

Generally the linear photocurrent has both a spatially
oscillating and a constant component. The oscillating
component is absent under conditions of illumination
such that only one of the intrinsic modes propagates in
the crystal. As a rule, the circular current in aniso-
tropic crystals has no constant component.31 An ex-
ception occurs in the case in which a circularly polar-
ized wave propagates along the optic axis of a uniaxial
crystal, with this axis being a screw axis.11'31 In this
case the current flows along the screw axis. This sit-
uation is realized in crystals of the classes -D2, D3, £>4,
A>, Cs, C4, andCe.

In crystals of classes Τ and Ο and also in isotropic
media lacking a center of symmetry, the intrinsic
modes correspond to circular polarization of the light.
In this case the circular current can be constant in
space for any direction of propagation of the light.

b) Anomalous photovoltages

Charge separation caused by the PGE can give rise to
considerable electrostatic fields and photovoltages. In
contrast to the previously known photovoltaic pheno-
mena,1'2 the photovoltages caused by the PGE are not
limited by the width of the forbidden band, i. e., to val-
ues of the order of several volts. Such photovoltages
U>Et are called anomalous.74 The problem of the max-
imum possible values of electrostatic fields and vol-
tages is one of the central problems for high-resistance
ferroelectrics.

Let us study a standard circuit for measuring photo-
currents and photovoltages (Fig. 12). Evidently the
spatially oscillating component of the current does not
contribute to the voltage. Under stationary conditions
with Rt » Ra, we can assume that the photocurrent j ^
is compensated by the ohmic current, so that the block-

1 1Ά nonzero constant component of the circular current can
arise also upon taking spatial dispersion into account.
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FIG. 12. Circuit for electric measurements. In measuring
photovoltages one has R,»Rcr; in measuring photocurrents R,
« S f f . The power dissipated in the load is maximal when Ra

= «,.

ing field Eo and the photovoltage t/0 are equal:

E.= -5-'jph. Vo = EolCI. (12.2)

At low light intensities, when ad »ath, we have U0ocJ.
At high intensities, the E0(J) relationship is determined
by the photoconductivity. In the converse case with
ffph cc J, the photovoltage saturates. And in the general
case the U(J) relationship can be more complex.

Proceeding to the problem of estimating the blocking
field Eo, we immediately note that this quantity may be
determined not so much by the mechanisms of the PGE
as by the character of the conduction. Thus the dark
conductivity ad can very critically depend on the tem-
perature, the stoichiometry of composition, impurities,
and the technique of preparation of the crystals. The
photoconductivity is determined by the lifetime of the
carriers and by their mobility. The mobility of the
photoelectrons, the major part of which lie near the
bottom of the conduction band with a mean energy ε»
* Τ also can be determined by specific features of the
crystal: modulation of the bottom of the bands owing
to inhomogeneity75 and by the polaron effect.*2 The
mobility of the thermal electrons can be strongly sup-
pressed (by several orders or magnitude) as compared
with the mobility of the nonequilibrium electrons that
are ejected by light with the momentum fe0

 a n c · which
determine the magnitude of the PGE. For this reason
one cannot draw any general conclusions concerning the
value of £0-

 Y e t one can estimate the limiting possible
value of the blocking field by very simple arguments.
To do this, let us take into account a circumstance that
holds however small may be the dark conductivity, mo-
bility and lifetime of the thermal electrons in the con-
duction band. This is that a nonequilibrium contribution
to the photoconductivity always arises from electrons
ejected into the band with the momentum fe0 that have
not succeeded in being thermalized or in being wrapped
in a phonon coat, etc. The number of such electrons
cannot be smaller than yiJ/KuT^, . Correspondingly,
the conductivity is

xJ
(12.3)

Using the estimate for the photocurrent (2.2) and as-
suming that k^a*!, we obtain

(12.4)

=101 3 sec"1 and « = 3 A, weAssuming that ξ = 1Ο"1

obtain E%a =* 105 V/cm. Fields of this order have been
observed experimentally.

5 " β · 1 2 ' " f 7 e

c) Photoinduced change in refractive index. Recording
of holograms

When a small region of a crystal is illuminated, an
electrostatic field arises in its neighborhood owing to
the PGE. Since crystals lacking a center of symmetry
possess a linear electrooptic effect, this field gives
rise to a local change in refractive index. In the liter-
ature the effect of change in refractive index under the
action of light has been termed photorefraction.52'77 In
many ferroelectrics (LiNbO3, Ba^aN^O^, etc.), these
changes can be very substantial, Δη^ΙΟ^-ΐΟ"3. At
present a direct relationship between the PGE and pho-
torefraction has been established for many crystals.7 4 1 7 7

If the dark conductivity of the crystal is small, σ4

« σ,*, then within a time of the order of the Maxwellian
time, τ/ ί = ε0/4πσ, a blocking field E 0 = - a " 1 j p h is estab-
lished within the illuminated region. Outside the illu-
minated region, E(r) behaves like the field around a
conductor of the same shape lying in a uniform external
field -E o . Thus photorefraction can be described by
the introduction of some effective field acting inside the
crystal. Interestingly, the existence of such an inter-
nal field to explain photorefraction was postulated by
Chen5 as early as 1969, i. e., before the discovery of
the PGE.

Owing to the smallness of the dark conductivity, the
change in the refractive index after turning off the light
can persist for a prolonged period (months or years).5 2'7 7

This optical memory plays an important role in practi-
cal applications. We should also note, in the case σά
a σ, that the distribution 5n(r) cannot at all be described
by employing an effective field. The existence of the
PGE in this situation leads, in particular, to the ap- -
pearance of constant circular currents in the vicinity
of the illuminated region.

We have not been interested above in the spatial fine
structure of the electrostatic field and the Δη caused by
the spatially oscillating component of the photocurrent
(with a period of the order of the wavelength of the
light). First we point out that the spatially oscillating
component of the field, even when the unilluminated
part of the crystal has a low conductivity, is not neces-
sarily determined under stationary conditions by the
condition that the total current (photogalvanic and oh-
mic) is zero. This already follows from the fact that
jph(r) generally has not only an irrotational but also a
solenoidal component (curl jph* 0). Hence it is impos-
sible to compensate jph(r) by any electrostatic field.
This situation can lead to the formation of extended cur-
rent domains within the illuminated region with a trans-
verse dimension of the order of a wavelength of light.

The spatially oscillating component of the current,
while of small import in recording " light spots," can
play a considerable role in holographic recording and
also in studying the nonlinear interaction of light waves.
Let us examine a concrete example. In crystals of
classes CSv, Civ, and C&, (including the ferroelectrics
LiNbOs, BaTiC^, Ba2NaNb5O15, etc., which are charac-
terized by anomalous photovoltages74), the circular cur-
rent has no constant component and hence cannot be
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detected by direct measurements. According to the re-
sults of Sec. 3, this contribution is determined by only
one independent constant β:

(12.5)

Let two waves of the same frequency with orthogonal
polarizations (Fig. 13), which become correspondingly
the ordinary and the extraordinary waves, be incident
on the crystal. The charge separation caused by the
component of the current of (12.5) perpendicular to the
fringes of the interference pattern of the two waves will
give rise to a space grating of dielectric permittivity
δε oc expfiiqi - q,) · r ] . A readout wave having the wave
vector and polarization of one of the recording waves
can be diffracted by this holographic grating. The rela-
tive intensity of the wave diffracted by the grating is
called the diffraction efficiency, and is a very impor-
tant characteristic of the hologram. Measurement of
the diffraction efficiency is a sensitive method of study-
ing the nature of an optical record. An important point,
under the conditions of Fig. 13, is that the previously
known mechanisms of producing holographic gratings
(diffusion and field78"*0) are lacking, and the circular
PGE is the only possible mechanism of recording. The
diffraction efficiencies determined in Ref. 81 enable
direct optical measurement of the circular component
of the photocurrent in electrooptic crystals. If we as-
sume the circular current to be of the same order of
magnitude as the linear current, then, in addition to
recording of holograms, the PGE must lead to an effec-
tive nonlinear interaction of waves. The length of this
interaction at intensities of 1 W/cm2 for crystals of the
LiNbOj type can amount to 10'x-l cm. The distinctive
feature of the cited nonlinear effects is that the ampli-
fication or attenuation of the waves under stationary
conditions is not determined by the ratio of intensities,
but by the sign of the photogalvanic constant β.81 Thus
the asymmetry of the crystal is manifested at the level
of nonlinear-optical effects (see also Refs. 80 and 82).

d) Effect of the PGE on phase transitions in ferroelectrics

Let a ferroelectric be characterized by a single polar
vector, the spontaneous polarization P. Upon assum-
ing for simplicity the polarization of the light in the
crystal to be linear, we can write an expression for
the photocurrent near a phase-transition point in the
form

iPh
=[SF+fc(P-e)]/+0(P3). (12.6)

We see that in insulated crystals the small group of
nonequilibrium electrons that contribute to the PGE
gives rise to a blocking field Ε 0 =-σ' 1 ]^ ι , which amounts

to a series in odd powers of the polarization P. This
field makes an additional contribution 5F to the free
energy of the ferroelectric, with d&F=E ·άΡ. This
has the form of a power-series expansion in P 2 : 8 3

6F = — i - (o + g W Θ) P* + 0 (/»). (12.7)

The renormalization of the coefficients of the expansion
of F given by (12.7) fully determines the effect of the
PGE on the phase transition.12' Thus, for example, in
line with the ordinary theory of ferroelectric transi-
tions, n M Eq. (12.7) leads to a shift of the Curie point

(12.8)AT C 6 F ~ CB«

Here C is the Curie-Weiss constant. According to
(12.2), the value of 6TC saturates at high enough light
intensities.

Estimates show83 that the temperature shifts can be
quite considerable, reaching values of the order of tens
of degrees at saturation. The sign of the shift is de-
termined by the direction of j , * . A s a rule, experimen-
tally one finds that j p h • * P. Under these conditions,
illumination lowers the phase-transition temperature.

Interestingly, a photoinduced transition of a crystal
from a paraelectric to a ferroelectric phase can be
treated as a breakdown of the symmetry of the crystal
under the action of light. Evidently the mechanism of
such a transition consists in amplification of fluctua-
tions by the field arising from the PGE. It is not ruled
out that this mechanism plays a role in the recently
discovered86 effect of increased photoinduced fluctua-
tions near a phase-transition point.

e) Efficiency of a crystal as a current source

Regardless of the concrete microscopic mechanisms,
the PGE must satisfy a general requirement that stems
from the law of conservation of energy. Evidently il-
lumination of a crystal can only heat it. Hence the con-
dition must be satisfied that Q+j ·Ε> 0, where Q is the
rate of absorption of light energy. The electrostatic
field Ε arising from the PGE and the total current j =}„,,
+ σΕ are opposite in direction. The field Ε depends on
the boundary conditions and can vary from zero (short-
circuit regime) to Eo =-a" 1 j p h (insulated crystal). The
minimum of j * Ε is reached when Ε =-jpb/2a. Assum-
ing that the light absorption does not depend substan-
tially on the electrostatic field, we obtain Q > ^ σ " 1 . 8 6

At low light intensities for which we can assume that
Q = xJand jtb=GnJ, we have

σ > 4G/ph. (12.9)

Thus phenomenological arguments already indicate a
lower bound on the value of the conductivity and the
photoconductivity constant. We can also rewrite the
condition (12.9) in the form η= 4GE0« 1. As one can
easily show from an electric-circuit calculation (see
Fig. 12), the quantity η amounts to the maximum pos-

FIG. 13. Diagram of optical recording of holographic gratings
via the circular PGE.

12>We stress the fact that the effect of the PGE on a phase
transition does not reduce to the action of an external field.
As is known,85 an external field is described by the term
Ρ ·Ε in the expansion of the free energy, and it smears out
the ferroelectric transition.
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sible efficiency for the given crystal for conversion of
light energy into energy released in the load. It is in-
teresting to estimate this quantity for the models of the
PGE discussed above. If we assume the maximum pos-
sible value for Eo in (12.4), then we obtain

(12.10)ω — Δ

Assuming the asymmetry parameter ξ = 0.1, ω— Δ «ω,
we obtain η = 10'2. In experiments,12'13 the conversion
coefficient was close to this value: η »10"3.

Interestingly, one can construct a simple model that
allows 100% conversion of energy. Let a crystal pos-
sess the relationship among the relaxation constants
Γ ( » » y » r c , which means that a photoexcited electron
succeeds in losing its directed momentum within the
lifetime of photoexcitation, but does not succeed in be-
coming thermalized. Here the photocurrent does not
vanish, since the differential probabilities of ionization
and recombination differ. Introducing into the kinetic
equation (5.2) the drift term eEdft/dk, which takes into
account the action of the electrostatic field, multiplying
both sides by ε̂  and integrating, we obtain

<?= je*(/k—Vk/k)dk--j-E. (12.11)

In the absence of the field Ε (which arises only in the
presence of a load), absorption of light energy does not
take place at all. This result has a simple meaning.
The shift in the frequency of the photon in spontaneous
emission in the absence of thermalizing collisions is
due to the change in the velocity of the electrons in the
electrostatic field.

A situation similar to that under discussion can be
realized at high light intensities. As we noted in Sec.
9, when λτ » 1 , the circular current does not depend
at all on the relaxation constants. On the other hand,
as these constants approach zero, the light absorption
vanishes (saturation effect67'68). One can show66 that
the necessary light absorption also arises under the
action of the electrostatic field in a certain region of
the parameters.

13. COMPARISON WITH EXPERIMENT

Up to now several tens of experimental studies on the
PGE have been published. Let us examine how well
the experimental data agree with the theoretical con-
cepts. First we should say that the existence of the
PGE can now be considered firmly established for all
types of crystals lacking a center of symmetry: ferro-
electrics, piezoelectrics, and gyrotropic crystals.
The character of the studies pertaining to the different
types of crystals has a definite pattern. Most of the
studies carried out pertain to ferroelectric crystals,
in which the PGE is especially strongly manifested.13'
Yet the ferroelectrics have been studied considerably
more poorly than many piezoelectrics and semiconduc-
tors. Asa rule, no experimentally based band theory
has been devised for them, often one does not know the

13 One can find a review of the experiments on the PGE in fer-
roelectrics that reflects the studies up to the end of 1977 in
Ref. 74.

mechanisms of mobility of the charge carriers, and the
structural defects have been poorly monitored. Hence
a comparison of theory with experiment in ferroelec-
trics unavoidably is qualitative in nature.

The fundamental experimental results that allow one
to establish the existence of the PGE in ferroelectrics
are: the prolonged character of the current measure-
ments, the anomalously large values of the photo vol-
tages, and also the linear dependence of jPh on the light
intensity. Figure 14 shows a typical time-dependence
of the photocurrent, as taken from Ref. 5. The initial
region of the curve is explained usually by the pyroef-
fect, and the constant-current region corresponds to
the PGE. In the experiments,12'13 the time of observa-
tion of the constant current amounted to more than 20
hours. The charge transport over this time is so large
that the possibility of interpreting the currents as tran-
sition currents involving relaxation of fields in the
crystals is completely ruled out.

The existence of anomalously large photovoltages,
i. e., voltages considerably exceeding the width of the
forbidden band, has been established in a number of
high-resistance ferroelectrics: LiNbOs,12·13'87·88

BaTiOs,14'78·89 Ba2NaNb5Oi5,
90 SbSI,91 KNbOs,88'92 etc.

In many cases it has been shown experimentally that the
anomalous photovoltages are determined by the PGE and
correspond to Eq. (12.2).7* Figure 15 shows the volt-
ampere characteristics for KNbO, as taken from Ref.
92. We see both the linear dependence of fa on the
light intensity typical of experiments with ferroelec-
trics and the lack of dependence of the intensity on the ,
blocking field Eo (aph> at). The review7* also indicates
that the shift caused by light of the phase-transition
point observed in certain ferroelectrics stems from
the PGE. Thus it corresponds to the mechanism dis-
cussed in Sec. 12. In many cases one can establish a
direct relationship between the effect of photoinduced
change in the refractive index (subsec. C, Sec. 12) and
the PGE .7* The PGE has been observed in ferroelec-
trics both in a region of impurity absorption and in in-
terband transitions.M·9 1·9 3

Some additional experimental data is available con-
firming the fundamental theoretical concepts. The ob-
served values of the currents agree with the estimates
made in Sec. 11.

Moreover, an analysis of the experiments12 "1*'9Of9*"e7

performed on various ferroelectrics: SbSI, LiNbO3,
KNbOa, etc., in regions of impurity and intrinsic ab-
sorption for various concentrations and compositions of
impurities has shown that while there is considerable
spread (by 5-6 orders of magnitude) in values of the
photovoltage, the conductivity, and the absorption coef-

ιοΆ

100 f,s

FIG. 14. Dependence of the photocurrent on the illumination
time in LiNbO3.
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FIG. 15. Volt-ampere characteristics of KNbO3.

ficient, the Glass constant G varies over the relatively
narrow range from 4x 10'10 to 2 x 10"8 A · cm/W. The
values of the constant G are practically independent of
the technique of preparing the crystal and of its pre-
history. For illustration we present a table taken from
Ref. 97. The regularities noted above agree convin-
cingly with the results of Sec. 11.

The theory indicates a possible dependence of the sign
of the photocurrent and the photovoltage on the frequen-
cy and polarization of the light. Such a dependence has
been observed in experiments14 l 8 e performed on BaTiOs
crystals (Fig. 16).

References 91 and 98 have studied the temperature-
dependence of the photocurrents and photoconductivity.
They showed that ̂ ( T ) and σρη(Τ) vary in opposite di-
rections (Fig. 17). Here the photocurrent increases
with decreasing Τ by approximately the same law as
for the mobility. These facts indicate a substantial dif-
ference in the natures of the photoconductivity and the
PGE.

Reference 99 reports that constant currents were ob-
served in the ferroelectric SbSI under the action of X-
rays (of energy 8-10 keV) and α-rays. It was found
that the sign of the current depended on the temperature
of the crystal. Reference 100 reports observation of
the PGE in a ferroelectric ceramic.

In spite of the large number of experimental studies
and facts confirming the theoretical concepts, com-
pleteness of the experimental studiesof the PGE infer-
roelectrics is lacking even on the level of phenomeno-
logy. Actually, by starting with the symmetry of the
crystal, one can establish the nonzero components of
the photogalvanic tensor β(}1 similarly to the procedure
for the electrooptic and piezo tensors. Crystal sym-
metry permits the existence of components of the pho-
tocurrents, not only in the direction c, but also in a
direction perpendicular to the spontaneous polarization.

λ,ηιη

FIG. 16. Spectral and polarization properties of the PGE.

Apparently specifically designed studies of the current
components reference to which was made above have
not yet been performed. A circular current in ferro-
electric crystals (see subsec. C, Sec. 12) is yet to be
detected. We proceed to analyze the experiments in
piezoelectric and gyrotropic crystals.8·9·5 7·"·1 0 1"1 0 4 The
studies cited above have been performed on the four
crystals Te, GaP, GaAs, and Bi^SiC^. These semi-
conductor crystals (except for bismuth silicate) can be
considered pure compared with the ferroelectrics;
their properties have been well studied. Hence the
comparison of theory with experiment here can be more
detailed.

The fundamental method of identifying the PGE is to
measure the dependence of the photovoltage on the po-
larization of the light (as was stated in Sec. 3, such a
dependence must be exhibited by nonferroelectric crys-
tals). Figure 18 shows the relationship of Uph to the
angle θ between the linear-polarization vector of the
wave and the axis 1 of the crystal for the piezoelectric
Te.102 The light was propagating along the trigonal axis
2 of the crystal. The voltages were measured between
the faces of the crystal perpendicular to the axes 1 and
2:

(7, = _ χ * cos 2Θ + t* sin 2Θ,
Ut — χ* sin 2Θ + τ* cos 2Θ.

The quantity X* characterizes the PGE, and T* charac-
terizes the entrainment effect (light pressure). We see
from Fig. 18 that the PGE is firmly identified, and ex-
ceeds the entrainment effect by a factor of about five.
The PGE has been found in GaAs101 and GaP57 in an
analogous way. We note that the Maxwell relaxation
time in the experiments discussed above is consider-
ably shorter than the duration of the light pulse. Hence
we can definitely speak of observing a PGE rather than
a transition current involving, e. g., the effect of opti-
cal rectification.

TABLE

Concen-
tration
weight %

0.005
0.005
0.02
0.03
0.05

II. Photoelectric properties of LiNbOj doped

Annealing
time, min

5
20

120

120

κ an"1

0.12
0.34
0.95
1.6
0.6

10.9
1.2
2.0
4.4

η '-cm '

1.5
20

220
1000
1.5

8
1.3
2.0
3.0

Ω~'·αη~ι

1
16

180
600
2.8
29
3.6
4.5
5.5

ίΌ·ιο3,
Van"1

4.5
0.66
0.12
0.08
8.6
4.7
9.0

11.0
20.0

with iron

cio',
AcmW"1

2.7
2.7
2.6
2.6
2.6
0.9
2.6
2.5
2.5

m'

10'

1
300 ΊΟΟ T,K

FIG. 17. Temperature-dependences of j ^ , and σρη1η BaTiO3.
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FIG. 18. Polarization properties of the PGE In Te crystals.

At present the PGE has been found in piezoelectrics
both for transitions between subbands of a complex band
and in intraband transitions. Most of the experiments
here have been performed with a CQ> laser, λ = 10600 A.
However, the experiments of Ref. 57 determined the
dependence of the photovoltage on the wavelength of the
light (Fig. 19). The peak of the curve lies near the ab-
sorption edge for transitions between the bands X\ and
X\. The energy width of the peak is of the order of the
temperature of the crystal. The right-hand tail of the
curve is explained by the spectral dependence of the
density of states at the absorption edge. The left-hand
tail involves the decline (according to the Boltzmann
law) in the number of electrons that satisfy the condi-
tion of resonance with the light wave. The theoretical
point taken from Ref. 56 is shown on the graph with a
cross. Thus one can give a consistent quantitative in-
terpretation of the experiments of Ref. 57.

One of the most striking experimental results on the
PGE is the discovery in Te crystals (which are gyro-
tropic) of a circular photocurrent and of photovoltages
proportional to the degree of circular polarization of
the light64'103 (Fig. 20). These experiments directly
confirm the predictions of the theory. The circular
photocurrent found in Te is a current based on free
electrons and holes. The calculations presented in
Refs. 64 and 103 explain the magnitude of the effect
with reasonable values of the constants of the crystal,
as well as the reversal of the photocurrent as a func-
tion of the temperature (Fig. 21). Apart from Te, a
circular PGE has been recently detected in the cubic
crystal of bismuth silicate 1 0 4

The analysis that has been carried out allows us to
speak of a convincing qualitative agreement (and in a
number of cases, even a quantitative agreement) be-
tween the theoretical and experimental data on the PGE.

FIG. 20. Photo-emf arising on illumination of tellurium as a
function of the angle φ. pv = ain2<p is the degree of circular
polarization. Solid line: U = UosiD2<p,Uo=l mV.

14. CONCLUSION

To sum up what we have said, we can speak with a
great deal of assurance of the completion of the first
stage of study of the PGE. Its place has been estab-
lished within the circle of other effects, and the gen-
eral regularities and most important mechanisms of
producing it have been elucidated. From the general
physical standpoint the most important feature of the
PGE is its direct connection with the absence of detail-
ed balancing in media lacking a center of symmetry.

In order to perform quantitative calculations of the
PGE and detailed comparison with experiment, one
must take into account the specific features of the crys-
tals: crystal symmetry, band structure, form of elec-
tron-phonon interaction, structure of the impurity cen-
ters, and the presence of many channels of recombina-
tion. The first step in this direction has been taken in
Refs. 56, 64, and 103, where an attempt was under-
taken for the semiconductor crystals Te and GaP to
calculate the PGE quantitatively and to compare it with
experiment. Investigation of the PGE in well-studied
semiconductors such as Te, GaAs, and GaP is undoubt-
edly the most promising way to refine our concepts of
its mechanisms. On the other hand, an understanding
of the mechanisms of the PGE will allow us to gain
from the experimental data additional information on
structural features of the crystals.

We must also bear in mind that the PGE is only one
of the representatives of a new type of transport pheno-
mena in media lacking a center of symmetry. The
allied effects: currents under nonequilibrium condi-
tions that do not involve illumination and fluxes of other
physical quantities (besides charge) are yet to be dis-
covered. A possible example of this type of effect in
crystals and amorphous materials characterized by a
marked direction might be currents caused by slow

130

80

40

(U/j)-IOn,HA-'

10 λ, urn

FIG. 19. Spectral properties of the PGE in GaP in transitions
between the points Xf and X J of the Brillouin zone. The points
on the right correspond to the effect based on free carriers

-0.2 •

FIG. 21. Temperature properties of the circular PGE in Te.
Circles: experimental data; solid curves: results of calcula-
tions for two possible mechanisms of isotropization of the mo-
mentum of the charge carriers.

221 Sov. Phys. Usp. 23(3), March 1980 V. I. Belinicherand B. I. Sturman 221



relaxation of an initial nonequilibrium of an ionic sub-
system, and not involving a change in polarization (the
electret effect).

Because of its large magnitude, the PGE can initiate
secondary effects, such as optical recording, influence
of light on phase transitions, and nonlinear interaction
of waves. In concrete situations, the influence on the
PGE of electric and magnetic fields, spatial inhomoge-
neities, etc., can prove to be substantial.

Considerable prospects exist also for practical appli-
cations of the new effect. At present, anomalous pho-
tovoltages are already being used for designing photo-
switches and shutters.los The problem of producing
solar cells based on the PGE merits attention.

Undoubtedly, studies of the PGE are of considerable
interest both for solid state physics and its applications,
and in understanding the features of the kinetics of
media lacking a center of symmetry. In the forthcom-
ing years these studies will expand and deepen.
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