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It is shown that, besides the mechanisms of the photovoltaic effect (PVE) that are connected with
the appearance of asymmetry in the electron velocity distribution [V. I. Belinicher and B. I.
Sturman, Sov. Phys. Usp. 23, 199 (1980); E. L. Ivchenko and G. E. Pikus, in: Problemy sovre-
mennoi fiziki (Problems of Modern Physics), Nauka, Leningrad, 1980, p. 275], there exist inde-
pendent mechanisms stemming from the displacement of the electrons in R space when they
undergo quantum transitions. This displacement PVE is determined by the contributions to the
current of the off-diagonal—in the band numbers—density matrix elements. A consistent kinetic
theory of the displacement PVE is constructed for band-band and impurity-band transitions. It is
shown that the magnitudes of the displacements can be expressed in terms of the phases of the
transition matrix elements. The displacement photocurrent is equal to the sum of the ionization,
recombination, and scattering currents, which do not depend on the electron and hole mean free
paths. The magnitude of the off-diagonal contribution to the current can be comparable to the

magnitude of the diagonal contribution.
PACS numbers: 72.40. + w, 77.60. + v

1. INTRODUCTION

A microscopic theory of the photovoltaic effect in non-
centrosymmetric crystals was developed recently.’? The
photovoltaic effect (PVE) is determined by the following
phenomenological relation for the current:

ja=Pasr (eser t+eser) T +ifas*[eXe’1s], (1)

where e is the polarization vector, and J is the intensity, of
the light wave. The tensors S84, and B, describe respec-
tively the linear and circular components of the photocur-
rent.

Until recently, the theory of the PVE was based on the
following well-known formula for the current:

. e 0
= -h— zklf.k :ﬁ(_ €4k, (2)

where f,, is the distribution function for the electrons in the
band s. In that theory this formula is obtained on the basis of
intuitive arguments, according to which the current can be
considered to be the sum of contributions from all the parti-
cles with velocities v, = #~'de, /dk. The momentum (i.e.,
k) distribution asymmetry, which is necessary for the exis-
tence of the current (2), arises, under the action of light, as a
result of the asymmetry in the elementary electronic pro-
cesses (photoexcitation, recombination, scattering). The
magnitude of the asymmetric part of the distribution func-
tion (i.e., the part that is odd in k) and the current strengths
themselves contain a kinetic parameter, and are proportion-
al to the momentum relaxation time 7, i.e., to the electron
mean free path. This relationship is general in that theory of
the PVE."?

At the same time, it is well known that, besides the con-
tribution (2) to the current, there exists, generally speaking,
another contribution connected with the off-diagonal—in
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the band numbers—density matrix elements pk k:

e . 88
= Tn_ ZPn. Pxik - (3)
avksy
Kk,
Here Pfk‘l = (sk| — i#iV|s, k, ) is a matrix element of the mo-
mentum operator. As applied to the circular PVE, these con-
tributions were first considered by Mednis.? But it is shown
in Ref. 4 that the theory developed in Ref. 3 is incorrect, and
that the “off-diagonal circular current” is completely can-
celed out by that part of the diagonal contribution which is
due to the change that occurs in the distribution function £,
as a result of the renormalization of the energy in the field of
the circularly polarized wave. The off-diagonal contribu-
tions to the circular current at high light intensities are taken
into account in Ref. 5.

A number of authors have made attempts to construct a
theory of the linear PVE with allowance for the off-diagonal
contributions to the current.>® Kristofel’ and Gulbis® and
Krant and Baltz” proceeded from a well-known formula (si-
milar to Kubo’s formula) based on the computation of the
current at the difference frequency @’ —  of two waves and
the subsequent passage to the limit o'—w:

esz egé P..:/., P::PJI:; P‘ﬁp‘a"
2 (fox—Ffax) ki - ( - )
mie? S'k'"+§+1«0

88,8,
K tmhe

Jo=

H__o 8 s__ o8
ey—e”  ex'—ef

(4)
In this relation  is the amplitude of the electric field of the
wave. The computation of the current from this formula in
the case of low intensities should be carried out with the
equilibrium Fermi distribution functions for the electrons.
Therefore, the current (4), in contrast to the corresponding
expression in Ref. 1, does not depend on the electron mean
free paths. As will be shown below, this photo-voltaic effect
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is due to the displacement of the electrons in R space when
they undergo quantum transitions; therefore, we shall call it
the displacement PVE. The displacement-PVE theory de-
veloped in Refs. 6-8 on the basis of (4) or similar relations is
inconsistent, incomplete, and in many cases intrinsically
contradictory. Thus, in Ref. 6 it is concluded that the PVE
can occur in the absence of light absorption, which contra-
dicts the law of conservation of energy. The expressions ob-
tained in Refs. 6-8 for the current do not satisfy the require-
ment that they vanish under the conditions of
thermodynamic equilibrium with the thermal photons,
which contradicts the second law of thermodynamics. The
main shortcomings of the indicated papers are connected
with some procedural errors."

First, the formula (4) cannot be used to describe the
diagonal contribution to the current. This can be seen from
the existence in it of singularities at s = s, ,. The diagonal
contribution to the current should be found by solving the
kinetic equation, and is described by the theory expounded
in Refs. 1 and 2. And to describe the off-diagonal contribu-
tions to the direct current, we must eliminate from the for-
mula (4) the terms containing the singularities, i.e., we must
assume s7#s, in the first term and s+#s, in the second.

Second, besides the above-considered contribution to
the current, there exist other off-diagonal contributions, and
these contributions are not small. They arise when the inter-
band (primarily spontaneous) recombination processes and
the processes of scattering on the impurities and phonons are
taken into account. Allowance for these contributions is not
only necessary in quantitative computations, it is essential to
the intrinsic self-consistency of the theory. In particular, the
neglect of the spontaneous emission (the drift processes)
leads to the existence of current under conditions of total
thermodynamic equilibrium, to the existence of a direct cur-
rent in the case when an electron on an impurity undergoes
transitions between localized states.

Of great importance is the third shortcoming, which
consists in the following. The direct use of finite-band mod-
els, i.e., two-band, three-band, etc., models in the j* calcula-
tion is incorrent. It turns out that it is necessary and possible
to carry out a single summation over all the bands of the
crystal. This summation can be performed with the use of
only the completeness property of the basis Bloch functions
and the commutation relations for the coordinate and mo-
mentum operators, without recourse to model arguments.
The performance of this intermediate summation results in a
significant simplification of the general formulas for the cur-
rent, which then easily admit of the use of particular models
for the crystal.

The present paper is devoted to the exposition of a con-
sistent theory of the displacement PVE in piezoelectrics for
the case of interband and impurity-band transitions.

2. THE GENERAL RELATIONS FOR THE CURRENT

The consistent kientic theory taking account of both the
diagonal and the off-diagonal density matrix elements
should, as is well known,’ be constructed as follows. The
diagonal matrix elements, i.e., the distribution functions p§’
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= fy, satisfy the kinetic equation. The off-diagonal ele-
ments pyy. (s#5,) can be expressed in terms of the distribu-
tion functions obtained from the equation of motion

ih dplot=(H, p], H=H,+H*"+V, (5)

where H,, determines the energy spectrum of the crystal, H **

= — e(P-A)/mc describes the interaction with the light, and
V is the Hamiltonian for the interaction with the impurities
and the phonons. Each of the interactions that induce real
transitions then makes an additive contribution to the cur-
rent. We shall, for simplicity, assume that the electron-
phonon interaction is responsible for intraband transitions,
i.e., we shall set ¥ = V.. The contribution made to the cur-
rent by the electron-impurity interaction can easily be taken
into account in the final formulas. To quantize the light, we
must express the vector potential A in terms of the photon
creation and annihilation operators with the aid of the well-
known formulas.'®

The region of applicability of such a kinetic theory coin-
cides with the region of applicability of the kinetic equation.
Although the final formulas for the current do not contain
the kinetic parameters of the crystals, it is necessary that the
conditions, k/> 1, where k and / are the characteristic wave
vector and the electron mean free path respectively, be ful-
filled.

Using the above procedure to find pj} , and neglecting
the photon momentum g in comparison with the electron
quasimomentum, we obtain for the off-diagonal contribu-
tion to the current /° (we shall drop hereafter the superscript
p when that will not lead to a misunderstanding) the expres-
sion

=i+

. ph__ 2nie’ [ (fn.—fna) quph‘_fn,(1-fll) ]
Ja'= m? Zl €an TR0 +i0

R Ry
q,}

1
E : a P E : [ % e,e,P..m
X( Xn.-an - anXnm) —-r—L'zz):—-"" C.C.,

suts 89k,

. . [ (fla_fllx)Nq!_fn:(i_flh) ]
Ja'=ie Z T oA t0

RnDy

x( DIRAAEY V...X.“.,) VamFe.c.

l;‘l. anigy

Here n=(k,s); w, and £2, are the frequencies, and N2} and
N the occupation numbers, of the photons and phonons
respectively; A = 1, 2 numbers the light polarization?; n is
the refractive index (we neglect its @ dependence and bire-
fringence); £, ., = €,, — £, and the V,, , are the electron-
phonon interaction matrix elements. The periodic Bloch
amplitudes u,, (r)=u (r) in (6) are normalized to the volume
of the unit cell:

j Lo Uox dr="0,0,0°. (7)

a?

The relations (6) can be significantly simplified by using
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the exact sum rules derived in the Appendix. Assuming that
the nonradiative interband transitions are forbidden in ener-
gy terms, we find finally that

i"=e Y [t Nol™ fox (1—1.a)

Asqag

XW b (g, ) Rl., 6 (o g—ei) dk d,
jf=ez I [ (flh—fskz)Nl:.—h_](;k, (1-},“) ]

X W-, (k21 kl) Rs (k27 ka) ) (th‘—k,_EK.,k‘) dki dkz.

Here the W™/ are the differential probabilities for transi-
tions in which photons and phonons participate:

. k eZaS
] 8284 2
W e, (K) Gy o lePe= (k) |2,
. ot _ (9)
W (kp, ky) = ———— | Vi 1%
(ks, ky) % (2m)° [ Vil

The vectors R° and R, which have the dimensions of length,
are given by the relations

o .
Rlzn (k) = '_a'i{- (Dlzu+gu (k) _Qll (k) ’

_ (10)
7] b/] i
R, (k,, k,) = — (m+ E) . (ks k) +, (k) —€ (K,),

in which @ ¢ and &, are the phases of the complex quanti-
ties — (eeP*")and Vi, , while £2,(k), is the diagonal—in the
momentum and the band numbers—part of the coordinate
matrix element'’:

'n.(k)=%-ju.x'—?—u.udr§ (11)

ak
The physical nature of the off-diagonal contributions to
the current is clear from the formulas (8). Each real transi-
tion event in k space is accompanied by a displacement in R
space. If the initial state of the electron is described by a
narrow wave packet in the band 1 with average momentum
k, then a direct transition to a higher band 2 is accompanied
by a distortion & (£)(¢) of the unperturbed trajectory. Then,
besides the usual contribution connected with the change
that occurs in the velocity during the transition, there exists
a contribution connected with the displacement of the elec-
tron in R space:

8O () =Wog (k) [*/o Fax—vir) £+ Roi*(K) ]

It is remarkable that this formula can be derived directly on
the basis of the elementary perturbation theory, and that
only the initial and final states figure in this derivation. In-
deed, the mean value of the coordinate operator has the form

(12)

~ 0
o=y [ aual* (@uctvaat) e S a.k] .

sk

Using for a,, the standard first-order-perturbation-theory
formula, setting, on the basis of the normalization condition,
a,, = 1 — }|a,, |? and taking into account the narrowness of
the wave packet, we immediately arrive at (12).
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The displacement R, (k,,k,) associated with the intra-
band transition from the point k, to the point k,, occurring
as a result of the interaction with the phonons and impuri-
ties, has a similar meaning. The generalization of (8) to the
case of the electron-impurity scattering is obvious:

jimr—e Z W™ (K, ki) R, (Ko, Ky) 8 (ex'— 1) ot A, dy; (13)

W mp(k,k,) is the probability for elastic scattering from k| to
k,.

Let us discuss the general properties of the displace-
ment PVE. The displacements R®and R are nonzero in non-
centrosyrametric crystals. They change sign upon the inter-
change of the initial and final states:

R,..(k)=—Ri.(k), R.(k,ks)=—R,(k;k,). (14)

It can already be seen from this that stationary currents do
not arise in the absence in k space of fluxes connected with a
state-of-nonequilibrium-maintaining source. On account of
the fact that the Bloch functions possess the property
¥ = ¢¥* ., which reflects invariance under time reversal,
the displacements do not change under the operation of spa-
tial inversion:

R°(k)=R°(—k), R(k; k)=R(-k;, —k,). (15)

It is not difficult to verify that, under conditions of ther-
modynamic equilibrium, i.e., when the photon and phonon
distributions are Planckian, the integrands in (8) and (13)
vanish. If, on the other hand, the distributions N2} and N {l
are, generally speaking, nonzero. We shall, in investigating
the PVE, assume that the phonon distribution function is an
equilibrium distribution.

To anlayze the general properties of the PVE further,
we must use the kinetic equation for f;:

a.fsk/at=lsky Isk=l.sEh+Iskf- (16)

The collision integrals P/ describe the direct interband
transitions (with allowance for the spontaneous emission)
and the scattering on the phonons.

Using the explicit forms of the 1 §™/, we can easily show
that part of the total current which is connected with the
diagonal matrix elements 2, (k) has the form

sj*=e 2 | 2.0 L dk. (17)

Since under steady-state conditions 7, = 0, the current
8j? also vanishes exactly. This result can easily be general-
ized to the case of the electron-impurity scattering. Thus, in
(10) we can eliminate the contributions connected with (2.
But let us note at once that the vanishing of 8j has quite a
simple meaning. As can be seen from (10), the contributions
S R¢, and SR, to the displacement that are connected with
Q (k) can formally be regarded as the differences between
the positions of the charge in the final and initial states. Un-
der steady-state conditions such displacements, just like the
currents due to the change in polarization, cannot lead to
charge transport. As to those contributions to R° and R
which are connected with the phase gradients (see (10)), they
cannot be represented in the form of the indicated differ-
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ences, and are therefore not canceled out under steady-state
conditions.

Let us further point out the following property of the
currents j°", j/, j™P. As is well known, the values of the ob-
servable physical quantities should not change when the
wave function is multiplied by a constant phase factor, i.e.,
they should be invariant under the substitution

Wi (r)—>We(r) exp (igx).

It can be seen from (10) that the displacements R°and R (and,
consequently, the currents j°", j/, and j™?) are indeed phase-
invariant. But each of the terms entering into R®and R (in
particular, 5 R,° and § R,,) does not possess this property.
Therefore, the contributions to the current that are connect-
ed with these terms individually do not have a physical
meaning. Notice that none of the contributions to R°and R is
entirely eliminated by a phase shift. When 8j? is discarded,
the contributions j°", j/, and j™ individually lose the prop-
erty of phase invariance, and the invariance of the sum of
these contributions becomes unclear and should be estab-
lished with the aid of the kinetic equation (16).

Thus far, we have not concretized the form of N2} in
our discussions. We shall now assume that we have in the
system, along with the thermal photons, a monochromatic,
completely polarized wave of intensity J:

N"=Nu "+ (23)3'—2{‘5(‘1—%) O (18)

. hoc
We need to find the current j at low light intensities. It can be
seen from (8) that j°" is a sum of two terms:

jph =jf +jr¢c" (19)

the first of which is proportional to J, and can be called ioni-
zation current. The second term (like j/and j™P) does not
explicitly depend on the intensity, and has the meaning of
recombination current. Thus, as in Ref. 1, the total current is
equal to the sum of the ionization, recombination, and scat-
tering-related currents.

In many cases the representation of the current (8) in
terms of the moduli and phases of the matrix elements is
inconvenient. Below we shall express the currents directly in
terms of these complex quantities.

The ionization current should clearly be computed with
the unperturbed (Planck) distribution functions:

L e’lege; ( s )
o = T 2anmiothe 2"“ Im "" ka PPt

X(f:m—f:,x)ﬁ(ﬁm-—a.:m )dk. (20)

To determined j™ and j”/, we must find from the kinetic
equation (16) the corrections to the equilibrium distribution
functions for small J. Performing in (8) the averaging over
the polarizations and momenta of the emitted photons, and
neglecting the thermal radiation, we obtain

2ol

S X (P2

3133

X[ forx (A=Fo) = fox (1—Fon) Jer™ dk

rec _ 4e’n
T 32n)mne

(21)
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As a rule, there exists in semiconductor crystals the hierar-
chy of times,'?

TST DTy, (22)

7 is the characteristic time of the interband recombination
(the lifetime in a band) and 7, is the energy relaxation time.
Accordingly,

fa=fa'+fu' +6fux, (23)

where f%, (€ ) describes the thermalized electrons, while &f,
describes the nonequilibrium eletrons, i.e., those electrons
which have not had time to relax in terms of momentum and
energy after the photoexcitation. Clearly,

Of~f ' velv<S,

Therefore, we need, in computing j*, to take only the ther-
malized electrons into account in the formula (21). Just as in
Ref. 1, the direction of j* cannot depend on the polarization
of the light. Therefore, this current is nonzero in pyroelec-
trics, where it is directed along the intrinsic polar directions
of the medium.

Further, using the formula (8), we can easily verify that
the scattering-related current j/ (as well as j™P) vanishes
identically when &f; is neglected. In other words, only the
nonequilibrium electrons make a contribution to the scatter-
ing-related current.” Assuming that either f,, <1 or 1 — f,,
<1 in the semiconductor, i.e., that the bands are either con-
duction or valence bands, we obtain for the photon contribu-
tion to the scattering-related current the expression

f'=(—2j-§;2 (=0 [T [ (Vi) (o) Vim ]

X [ (8fs—8fue)) Nif-x—6f11] 6 (Erri—hQuors) dk, dks.  (24)

The upper sign pertains to the conduction bands; the lower
sign, to the valence bands. We should, in computing the scat-
tering-related current, bear in mind that the nonequilibrium
distribution function contains, generally speaking, both an
isotropic, and an anisotropic, part:

6f.ka<6f,k) + (Gf,k—<6f,k> ) ’

the angle brackets denote averaging over the constant-ener-
gy surface. The isotropic component describes the particles
that have relaxed in terms of momentum, but have not had
time to become thermalized. The corresponding contribu-
tion to j/ (just as j*) is nonzero only in pyroelectrics when
allowance is made for the inelasticity of the scattering. As
can be seen from (13) and (24), it strictly vanishes when the
scattering is elastic. The second component &, —({5f,. ) ex-
ists in the case of anisotropic photoexcitation, and describes
the electrons that have not had time to relax in terms of
momentum. The corresponding contribution to the current
j7 is nonzero in the elastic-scattering case as well; it exists
not only in pyroelectric, but also in piezoelectric, crystals.
It should be pointed out that the intraband-scattering-
related displacement R (k,, k,) is due not only to the asym-
metry of the periodic potential of the crystal, but also to the
asymmetry of the electron-phonon interaction proper, i.e.,
to the noninvariance of ¥V, under space inversion, as well as
to the asymmetry of the impurity potential. The above-de-
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scribed general properties of the scattering-related current
in the theory of the displacement PVE has a direct similarity
to the theory expounded in Ref. 1 .

3. MODEL CALCULATIONS, ESTIMATES

Let the light-induced transitions occur between the va-
lence band of the semiconductor and the conduction band.
We shall neglect the anisotropy of the crystal, and assume
the electron and hole dispersion laws to be quadratic with
masses, m, and m,,. Furthermore, we shall limit ourselves to
the case of low momenta, i.e., to the case in which ka<1,
where a is the lattice constant. For this purpose, it is suffi-
cient to require that the photoexcited-electron momentum

ko= {2p (ho—A) 1™
(where A4 is the forbidden-band width and
u=m,m,/(m, + m,) is the reduced mass) be low. In the
case of small k, we can use for the matrix element of P the
expansion (see also Ref. 1)

A .
P> (k) =i%—- (featigakotathoghsit...),  (25)

haﬂ'1=ha1ﬂ=hﬂ¢'h

in which f; g, and 4 are real dimensionless quantities and ¢ is
the unit vector along the polar direction of the crystal. In
nonpyroelectric crystals f= 0, and h possesses the proper-
ties of a piezotensor: A,g; = 0.* In pyroelectrics, f #0, and
the last term in (25) is unimportant.

We should, in computing j with the aid of the formula
(25), take into consideration the fact that the electron-
phonon interaction matrix element ¥, , can diverge at low
momenta. Of greatest importance here is the Frohlich inter-
action with the longitudinal optic phonons, for which'?

Vo

[P (26)

Vike=———Axks, Arpa= ——j Uy, Uy, dr.

The intraband displacement R(k,, k;) can then be ex-
pressed in terms of the phase of the quantity 4, , , which is
determined by the periodic crystal potential. Expanding
A, i, up to terms quadratic in k, and neglecting the aniso-
tropy, we obtain

Im [ (th.) ( 3;: 0::2 ) Vk.k.]

(e, k,—k,) (k,tk;)

= V 2 3dc,v ;
IVila e

(27)

d ©¥ are dimensioniess constants.

The corrections to the equilibrium distribution func-
tions are found from the kinetic equation in the two-band
approximation. In computing j**, we can consider the elec-
trons and holes to be thermalized, i.e., assume that

fecfux—Feo'fr’ < exp (—ex/T), (28)
where f,, = f, and f,, = 1 — f, are the electron and hole
distribution functions and £, = k *#°/2yu is the reduced ener-
gy. The coefficient of proportionality in (28) does not depend

on the form of the electron-phonon interaction, and is deter-
mined by the interband recombination.
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In computing the scattering-related current, we shall,
for simplicity, limit ourselves to the inelastic contribution.
The nonequilibrium corrections &f,(¢f) and &f, (€;) neces-
sary for this purpose are determined by the rate of intraband
relaxation in terms of energy. If for the electrons and holes
£.,>T, #if2, then we find from Kkinetic equation (16) in the
case of the Frohlich interaction that!'®

(hQ)* 4 [ ( 4s,h) 'l
-11 ) &f.
2@ elfh O0€ep . hQ e
(2m)°e’] o
= m lePk |26 (Sk —'Ek.,) y (29}

where « is the dimensionless electron-phonon interaction
constant and ¢, , are measured from the band edges. Equa-
tion (29) describes the photoexcitation of particles with mo-
mentum k, and their transfer into the low-energy region as a
result of inelastic scattering. It is not difficult to find that, for
k<k,

Bfen= ( 29:E,h ) : (3;2)’ %ln_‘ (éﬁig—h) (30)

where »x is the light-absorption coefficient:
= 20 [ 2 ooy + e’

= rics (31)

In the region k > k, the quantity £, , = 0.

Taking the foregoing into account, we easily obtain ex-
plicit expressions for the current. Let us first consider the
current j°". In piezoelectrics, j°" = j in this case f = 0in (25)
and (31), and the expression for the current assumes an espe-
cially simple form:

iE"=2ea (] /fw) g~ hupeser. (32)
Since h,z =0 in a piezoelectric, j?® vanishes upon being

averaged over the polarizations and directions of the light.
In pyroelectric crystals

ph__ Bl e(ce) % c ] 1
e gtTe [72+*/ Fhit . w Plgkra 1 (33)

where s, is the value of the absorption coefficient x for e||c
and k, =#"'(2uT)"? is the thermal momentum. The re-
combination current (the second term in (33)) depends on the
polarization only through the absorption coefficient x. The
value of the current (33) averaged over the light polarizations
and directions is nonzero: {j) « ¢. In (33) we have retained
the terms that are quadratic in k. The point is that one of the
parameters f and g in the expansion (25) characterizes the
degree of asymmetry of the crystal, and should be small. If,
for example, the ¢ and v bands are close to the s bands, then
f<g. Therefore, there can be situations in which /g S ka<1.
The relation between j' and j is different from the relation
found in the earlier models for the PVE." If &k, k,Sf/ga,
then j'~j™°, j™° being independent of the crystal tempera-
ture. As k, (or the light frequency) increases, the ionization
contribution decreases, and the recombination current be-
comes dominant. Let us also note that, in the model consi-
dered, j' does not possess a component &'« ¢, which is al-
lowed by the symmetry. Such a contribution arises only
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when allowance is made for corrections of higher order in
the parameter ka.

Using (24), (27), and (30), we can easily compute the
inelastic contribution to the scattering-related current:

. ea %J
]in’=—-—3—— (d*+de) k2ae.

(34)
The elastic contribution to j/ has, generally speaking, the
same order of magnitude as the inelastic contribution, but its
polarization dependence is more complicated. The scatter-
ing-related current strength does not depend on the electron-
phonon interaction parameters (the phonon frequency and
the coupling constant), and is determined only by the pro-
perties of the periodic crystal potential. In spite of the fact
that j /is due to the nonthermalized electrons and holes, it is
not of the order of the parameter 7, /7«1 in smallness. But at
low momentum values jis of the order of k 3 a®<1 as com-
pared to j°". This smallness is, in the final analysis, due to the
smallness of the intraband-transition-related displacements
R, and R, as compared to the photoexcitation-related dis-
placement R®.

It can be seen from the explicit expressions (33) and (34)
for the current that the displacement photocurrent has the
form

J
j=e%6R. (35)

The quantity R has the meaning of electron displacement
per absorbed photon. For the purpose of making a rough
estimate, we can set j~g, and then § R~a, the lattice con-
stant. There can, however, be situations in which SR>a. As
can be seen from (33), when kqa ~f /g, the displacement 6R
can be of the order of the de Broglie wavelength of the elec-
tron: OR ., ~27/ky. As f/g—0, the displacment SR
— o0; the total current then tends, of course, to zero.

Let us consider the question of the relative magnitudes
of the diagonal and off-diagonal contributions to the cur-
rent. Since under conditions when the kinetic equation is
applicable the electron (hole) mean free path />27/k X a, the
conclusion that the displacement PVE is weak suggests it-
self. Such a general conclusion is incorrect. Indeed, the cur-
rent ratio

j*/i~8R/EL, (36)

where £«1 is the asymmetry parameter, i.e., the fraction
particles flying asymmetrically after the photoexcitation.
The quantity £ depends essentially on the mechanism under-
lying the PVE. In the case of interband transitions there are
two principal mechanisms: the phonon and Coulomb
mechanism.! The phonon mechanism makes, in its turn, two
independent contributions to the current. One contribution,
i1, is due to the asymmetry of the electron-phonon interac-
tion; the second contribution, j5, is connected directly with
the asymmetry of the crystal potential, and is determined by
the same parameters that determine j°. The electron-phonon
interaction is taken into consideration twice in the computa-
tion of j 4 : once in the computation of the asymmetric proba-
bilities W *°; the second time, in the computation of the mo-
mentum relaxation time 7,. Since W* «<a and 7, <a ', the

max
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current j% o« W*7, does not depend at all on the electron-
phonon coupling constant. Therefore, there are no general
reasons why the displacement PVE should be weak. Compu-
tations based on the formulas of Ref. 17 show that, near the
interband absorption edge,

i*/js =3/ 67,

i.e., the displacement photocurrent is smaller by roughly a
factor of two than the current given by theory expounded in
Ref. 1.

In the case of the Coulomb mechanism for the PVE the
photoexcitation asymmetry is due to the Coulomb attraction
of the electron-hole pair formed, whereas 7, is determined as
before by the collisions with the phonons. If the Coulomb
mechanism predominates over the phonon mechanism, i.e.,
if j° > 7, then the displacment PVE is weak, i.e., j°<j.

4. IMPURITY-BAND TRANSITIONS

The periodicity of the crystal potential was essentially
not used in the derivation of the basic formulas (20), (21), and
(24). Therefore, the theory can easily be generalized to the
case of the impurity-band transitions. For definiteness, let
the transitions occur between a deep-lying impurity level
and the conduction band. Neglecting the scattering-related
current, which is weak in the vicinity of the absorption edge,
we find that at low impurity concentrations

e*a’N,J a
b= = gty ot 0 (P g P Berea)

.4 e*d*o(N—N,)

3 mthe* (2m)° J.I (P’ ——-P,) (h—A")dk.  (37)

Here N is the number of impurities, N, is the number of
electrons on an impurity, and ¢, is the electrons energy,
measured from the bottom of the band. The matrix element
P(k) = (k|P|0) should be computed with the exact wave
functions, ¢,(r) and ¥, (r), of the localized initial state and the
continuous spectrum. As is well known, there exist two main
sets of continuous-spectrum wave functions ¥, (r), which
contain diverging and converging waves at great distances
from the defect.'® The difference between ¢+ and ¢~ stems
from the fact that the poles in an integral equation of the
Lippmann-Schwinger type are bypassed in different direc-
tions.'® It can be shown that this difference is unimportant
for the theory of displacment PVE: as ¢, , we can choose any
of the functions ;£ . This circumstance is not accidental: it
follows from the general transformation properties of the
kinetic equations under time reversal.

In the case of small & we can again use the expansion
(25), but the coefficients g and 4 in it are complex and (like
f=f*)characterize not only the properties of the crystal, but
also the impurity potential. The expression (32) and (33) for
the current preserve their form if we make the substitutions
g, h—Re g, Re 4 in them and take x as the absorption coeffi-
cient for the impurity-band transition.

In the general case the individual properties of the im-
purity cannot be separated, and f, g, and 4 should be regard-
ed as phenomenological parameters. The situation changes
in the case of shallow impurities, for the computation of
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which methods of the effective-mass type are available.?’
For example, the dipole-impurity model is valid for shallow
donor levels in a pyroelectric.'* In this case the asymmetry of
the periodic potential does not make a contribution to the
current, and the displacement turns out to be connected with
the impurity potential. The quantity fin the expansion (25) is
determined by the contribution from the principal values of
the perturbation theory integrals. For the transitions from
the s states of the impurity

f/g=4da/3eagpr,, (38)

where d is the dipole moment of the impurity, ag = #%/me?
is the Bohr radius, £ is the static dielectric constant, and r, is
the radius (determined by the depth at which the level oc-
curs) of localization of the electron on the impurity. A com-
parison of the magnitudes of the diagonal and off-diagonal
contributions to the current shows that, in the present mod-
el, j/jP ~kyl> 1.

5. CONCLUSION

Itis safe to assert that, besides the PVE theory expound-
ed in Refs. 1 and 2, there exists an independent intrinsically
consistent displacement-PVE theory. Above this theory was
constructed for the direct interband transitions and in part
for the impurity-band transitions. Other cases of current in-
terest—the effect connected with free carriers, indirect tran-
sitions, the influence of a magnetic field, etc.—are yet to be
considered. There is also no doubt that the displacement
contributions occur not only in the theory of the PVE, but
also in the theory of other transport phenomena, e.g., the
photon drag effect, the quadratic—in the field—electrical
conductivity, etc.

Of great interest is the problem of the experimental de-
tection of the displacement PVE. Since from the point of
view of the phenomenological theory the two types of PVE
are identical, the separation of the contributions to the cur-
rent should be carried out on the basis of the characteristics
of the microscopic mechanisms. The difference between the
effects can manifest itself in the kinetics of the establishment
of the currents in the case when the light is switched on
instantaneously, as well as in the influence of the spatial
light-intensity inhomogeneity and the properties of the crys-
tal. Since j* is not connected with the kinetic parameters of
the crystal, its establishment (more precisely, the establish-
ment of the ionization contribution) occurs in atomic times;
as to the influence of the inhomogenity, it is insignificant
right up to the point where the characteristic scales of the
inhomogeneity are comparable to the dimension of the unit
cell. The difference between the two effects can also manifest
itself in their frequency dependences. Thus, for example, in
the case of the interband transitions in GaAs the photocur-
rent j should undergo frequency oscillations connected with
the characteristics of the processes of electron scattering on
the optical phonons.z’ The exstence of these oscillations,
whose experimental detection is reported in Ref. 21, indi-
cates the collisionless character of the PVE. At present there
are, apparently, no experimental data indicating the exis-
tence of the displacment PVE.
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APPENDIX

Let us rewrite the commutation relation [X. Pg]
= ifid .5 in the basis of the Bloch functions:

2 ((ng,Xg,ﬂ)(nlp',n3>—(n"Ppln)(nle¢,ln3>) ’ihsa’alll).

(A.1)

We can write down the identity [X,,V,] =0 in a similar
fashion. For momentum and coordinate matrix elements we
have the relations!’

a 881
(sklXolsk>=ib,,, -57c- Okx,+Qx (K) Sk,
/]

P = ———gy'.

aku
The off-diagonal (in the band numbers) elements of the ma-
trix {25 can be expressed in terms of the momentum matrix
elements:

A2)
(Sk|p¢ISgkg)=P:,6klﬂ

a
a8y . h P"l
Qe =i— .
m ex'"'—ex’

(A.3)

Separating out the terms with s = s,, s, from the sums over
the band numbers, using (A.2) and (A.3) and summing over
k, in (A.1), we easily obtain the following exact relations:

apP’.,

Z x%P!, — Z Pf,.X.f,=—i—a—k——— + P} (Qa"—Qu")
s, sk,
+ihn6480010;
(A.4)
2 X2aVam — Z VanXoer=Vam (Qu™—Qu™)
K onks, K, soksy ‘ P s
—i (—5717_.: +-5-7c:) Vam,
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