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A theory is developed of the anomalous photovoltaic effect due to the contributions of the offdiagonal 
density-matrix elements. It is shown that the presence of electron and phonon anomalous mean values leads 
automatically to a stationary current that is quadratic in the field and is independent of intraband relaxation 
processes. 

PACS numbers: 72.40. + w 

1. We propose here  a theory of a new mechanism of optical oscillations, with the dipole moment of the elec- 
the anomalous photovoltaic effect that i s  essentially tron subsystem.' In this ca se  r,, ar,. I t  is convenient 
connected with a phase transition in a system. I t  is  to assume that r, is rea l ,  and i t  is this which deter- 
known that a ferroelectr ic  phase transition of the dis-  mines the choice of the phase shifts in (4). 
placement type can be attributed to the presence of a 

Finally, H, corresponds to dipole interaction with an 
strong interband electron-phonon coupling. Below the 

external electromagnetic field of frequency Q: transition point there  appear in the system two types . - - - 
of anomalous mean values (phonon and electron order  HI= EL, (p) &zBp (efnl+e-i"'). 
parameters)  that describe respectively the restructuring r . a ~  

of the phonon and electron subsystems.' We shall show 
that spontaneous breaking of the dynamic symmetry 
of the electron subsystem leads automatically to the 
appearance of a homogeneous and stationary current ,  
i.e., to the anomalous photovoltaic effect, if the f re-  
quency of the external electromagnetic field f2> E,, 
where E, i s  the band gap. It i s  important that the value 
of the current  i s  determined entirely by the s ame  param- 
e ters  a s  the phase transition. This current  is deter- 
mined by the interband density-matrix elements and 
does not depend on intraband relaxation processes. This 
last  circumstance distinguishes in principle this anom- 
alous photovoltaic mechanism from the traditional ones 

The quantities Aa8  a r e  determined by the wave field E 
and by the velocity-operator mat r ix  elements: 

where e i s  the field-polarization vector and vaB = n u a 6 .  

The field frequency sat isf ies the inequality 6 = (52 - E,)/ 
a<< 1, s o  that the dependence of A, on the modulus of P 
can be neglected. In addition, we assume below that 
X,T << 1 (weak fields, r is the interband-recombination 
time), and the system can therefore be assumed to be 
in weak disequilibrium and the usual temperature tech- 
nique can be used. 

(Ref. 2).') In the absence of a field (H, = 0 ) ,  the phonon subsystem 
In Sec. 2 we consider a two-band model that contains i s  unstable if the coupling constant I?, sat isf ies the 

al l  the essential features of the phenomenon. Section 3 threshold inequality 
is  devoted to a multiband generalization of the problem, 4r1,' 4 (nc)" , 
to a discussion of the results ,  and to an estimate of the A ~ -  T E e z :  E (5) 

magnitude of the effect. The estimated parameter  values 
a r e  close to the experimental ones. and undergoes a phase transition a t  T = T,. Below To 

there appears an  order  parameter  
2. The two-band model i s  described by the Hamil- 

tonian 8=moe, cDo~I'lz(~o12N) "(bo+bo+), 

H=fI,+HPh+Heph+H,, (1) that describes the displacement of the sublattices along 
the (spontaneous) direction c and sat isf ies the equation 

where He corresponds to electrons in bands o! = 1 and 2 
with energies E ,  , Hph corresponds to optical phonons mo- - :zrl:(nc) I G ~ ~ ( P .  a) +Gal (P, on) 1. 
of frequency w,, and H,, to interband electron-phonon 

(6) 
P.'. 

interaction: The anomalous Green's functions G a g  a r e  themselves 

H.~~-Z r,,(ne) (oo12N)'~(b,+b-,+) (alp+a,,-,+c.c.), (2) dependent on a,, s o  that (6) i s  actually a self-consisten- 

PA cy equation. A closed sys tem of equations for G a g  can 
be formulated and solved (see Ref. I) ,  but what will 

with r,, a constant, c the phonon polarization vector, mat te r  subsequently is the following: the appearance of 
and n = p /  lp 1 .  The interaction (2) presupposes an ac-  a, leads automatically to nonzero anomalous electronic 
tive polar (transverse) optical oscillation, so  that a mean values and introduces in the diagonal functions 
polar axis appears spontaneously in the system below Go, corrections proportional to even powers of a,. 
the transition point (spontaneous polarization). The an- 
gular dependence of rl,(n. c) corresponds to interaction In an external field the situation changes. Relation (6) 
of the dipole moment in the cell, due to the transverse remains unchanged-the operators 6, and bd commute 
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FIG. 1. 

with Hf, but the equations for  Gag acquire new t e rms  
that a r e  linear in a, and a r e  due to the additional polar- 
ization of the system. The determination of G,, is 
greatly simplified by the presence of the two small  
parameters (@,/I?)' = Ao<< 1 and A/Q << 1 ,  s o  that the 
exact functions can be expanded in the f r ee  electronic 
functions GO,,. Typical corrections due to the field 
a r e  shown in Fig. l(a), where the frequency arguments 
and the band indices of the f r ee  GO functions a r e  explicit- 
ly indicated. I t  is  easy to verify that a t  O >  E,, i.e., in 
the presence of rea l  transitions, 

In accordance with the general formula4 for  the current  
in the system 

this leads to the appearance of a nonzero homogeneous 
stationary current. I t  i s  obvious also that j x p  and 
vanishes with the field. 

We have used above a s  the basis  the wave functions 
of the high-temperature symmetrical  phase. For a 
concrete analysis of the current ,  however, i t  is more 
convenient to go over to a wavefunction basis for  the 
sublattices displaced a s  a result  of this transition. To 
this end we diagonalize the effective Hamiltonian 

s o  that the new states A, 2p a r e  a mixture of the old 
ones (let, f o r  simplicity, E , ~ = - G ~ ) :  

a l . Z P = ~ J l v *  u d Z p ,  EI,zP=* [e ,pZ+Boz(n~)21" ,  

~,Z,v , '=' l~[ l*e,~lE, ,1 .  upup=-@o(nc)/2EtP. 
(9) 

The remaining t e rms  in H,, with k #O introduce in (7) 
only smal l  corrections, proportional to TE<< 1,  and 
will be omitted below. 

The transformation (8) leads to a renormalization of 
the vertices A,, in H, and of the matr ix  elements of the 
velocity u,,: 

In the new basis ,  the contribution to the current  is 
made by the diagrams shown in Fig. l(b). It i s  seen  that 
in the new basis  the current  i s  pure interband and should 

be connected with the change, in the external field, of 
the off-diagonal elements of the density matrix. Using 
(7), (9), and (10) and making the necessary transforma- 
tions we have 

The interband current  (1 1) has a specific dependence 
on the experimental geometry when the angle 0 between 
c ) ( z  and e is varied, the x axis l ies  in the plane of c 
and e , 

j.=const(2 cos2 Of I ) ,  i.=const.sin 20, j,=O. (12) 

The longitudinal current  oscillates about the value 7, = 2  
const without vanishing, while j,,,,= 3j,,,. The trans-  
ve r se  component oscillates about zero. 

For the important case  of congruent parabolic bands, 
the expression for  the current  becomes (eE= kom112~''2) 

We note that the squared interband velocity d,, con- 
tained in (11) can be connected with the two-band char-  
ac ter  of the problem. Indeed, the presence of additional 
bands with allowed transitions leads to the diagrams of 
Fig. l (c) ,  which do not contain intraband velocities. The 
model, however, can be easily generalized to a system 
with an  arb i t ra ry  number of bands. 

3. The multiband generalization includes two essen- 
tial aspects. F i r s t ,  a change in the transition dynamics: 
the active branch mixes now the s ta tes  from all (sym- 
metry-allowed) bands, which leads to a more  compli- 
cated renormalization of the spectra.  Second, the ex- 
ternal  field also causes virtual transitions between al l  
the bands. Jus t  a s  before, we assume that rea l  t ransi-  
tions proceed between two bands (1 and 2) and that the 
resonance condition 6>> 1 is satisfied. 

The system is  described by a Hamiltonian s imi lar  to 
(1)-(3) with vert ices r,, = r, and A,,, where the s u b -  
scr ip ts  run through a l l  the band numbers ( r n n  =O). In 
the absence of a field, H, = 0, the instability and the 
structural  transition a r e  connected with a threshold in- 
equality s imi lar  to (5): 

where the entire assembly of bands is broken up into 
empty ( c )  and filled (u), s o  that 

I t  can be shown that the transition temperature T,=A& 
and consequently inclusion of many bands reduces to an  
effective renormalization of the coupling constant r, 
and of the characterist ic  energy B. 

The order  parameter  a, appears a t  temperatures 
below T,; the self-consistency equation (6) takes the 
form 
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FIG. 2. 

The interband functions G,, a t  T = O  a r e  shown i n  Fig. 
2(a), where the wavy lines correspond to @,,= r,,+,. 
The temperature dependence of Go is s imi lar  to that in 
the two-band model1: At T * O  there  appear diagrams 
with phonon insets that decrease  @,, s o  that @, = O  a t  
T 3 T,. 

In the diagonalization of Hetr we neglect the renor- 
malization of the bands, i.e., the difference between 
En and E, in (9); this does not affect the expressions of 
interest to us,  which a r e  linear in @,. In this approxi- 
mation, the relations between the old and new s ta tes  
take the form 

These transformations lead to new vertices: 

and to similar  equations for  the transformation of the 
velocities. 

As already noted, rea l  transitions proceed only be- 
tween bands 1 and 2,  therefore the Green's function that 
contributes to the current  must contain a resonance ver -  
tex i,, o r  a, [F'ig. 2(b)]. After summation over the 
frequencies and obvious transformations, the expres- 
sion for  the current  becomes 

Substituting in (17) the renormalized vert ices and vel- 
ocities (16), we need retain only the t e rms  linear in 
a,. It must  be noted that the equation for  the current  
contains in fact a double summation over the inter- 
mediate bands: in (17) directly and in (16) in the calcu- 
lation of the b,, vertices. The f i r s t  summation entails 
no difficulty and can  be car r ied  out, for  example, in 
analogy with Ref. 3. It is  impossible, however, to cal- 
culate Dl, without assuming symmetry of the bands. 
Expression (16) for  ?tl, can be rewritten in the form 

If the initial (high-temperature) phase has an inversion 
center ,  then the bands can be classified by parity, and 

dipole transitions a r e  allowed between bands of different 
symmetry. In this case  the sum in  (18) is ze ro  and 
relation (17) takes the form 

If, however, there is no inversion center a t  T> Tc, 
transitions between a l l  bands can be allowed and the 
principal t e rms  in (18) a r e  the ones without intraband 
velocities (we reca l l  that 6<< 1, and the contribution to 
the current  is made by momenta fi* = 6'"). Since the 
s e r i e s  in (18) convergence rapidly emugh (a t i 2 ) ,  we 
can confine ourselves to the first te rms,  after  which we 
obtain for  the current  (& @,f) 

In conclusion, l e t  us est imate the resultant current. 
The traditional expression for  j is 

where a ( n )  is the absorption coefficient, S is the field- 
energy flux, and K i s  the Glass constant, which is the 
main characterist ic  of the anomalous photovolatic ef- 
fect. I t  i s  c l ea r  from (19) and (20) that K is proportion- 
a l  to @,(T) ,  and can  therefore be estimated a t  

where n i s  equal to and 0 for  cases  (19) and (29), 
respectively (it is recognized that a 6'"). The esti- 
mate (22) agrees  with the experimental data2 a t  typical 
values of the parameters E,= l? = = 1015 sec", Iv, I 
- 10' cm/sec,  and 6=  10-l-lO-? According to Ref. 1 we 
have f a r  f rom the transition @m - (T,/E)'" - 10-2-10-3. 

The authors thank V. L. Bonch-Bruevich fo r  a helpful 
discussion of the results. 

')1t is shown in Ref. 3 that the appearance of a current quadra- 
tic in the field is possible in principle if the matrix elements 
are suitably asymmetric. The parameters of this asym- 
metry, which determine the value of the current, cannot be 
obtained in Ref. 3 and must be specified independently. 
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