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Abstract. A new charge-transport model assuming one cen- 
ter in three different valence states is discussed for explana- 
tion of the photorefractive effect. Quantitative description of 
experimental results in KNbO3:Fe by the model is demon- 
strated. Many similarities with the so-called "two-center" 
model are found although the microscopic explanation of 
the light-induced charge transport is rather different. 

PACS: 61.70; 72.40; 78.20 

Photorefractive crystals are promising materials for many ap- 
plications, e.g., self-pumped phase conjugation, image pro- 
cessing, volume holographic storage or signal amplification 
[1]. The ferroelectric perovskites KNbO3 and BaTiO3 are of 
special interest because of large electrooptic coefficients and 
small response times. Tailoring of these crystals requires de- 
tailed knowledge of the light-induced charge transport and 
identification of the centers involved in the photorefractive 
process. 

The so-called "one-center model" assumes that one cen- 
ter occurs in two different valence states, e.g. iron as Fe 2+ 
and Fe 3÷ in LiNbO3 crystals [2]. Then Fe 2÷ ions act as filled 
and Fe 3+ ions as empty traps. If no space charge limiting 
effects are involved, this model predicts a photoconductivity 
increasing linearly with light intensity and an intensity inde- 
pendent absorption. Although the model describes the charge 
transport in LiNbO3 :Fe [2] at usual cw laser intensities (< 
100 kWm-2), it fails to explain of the photorefractive effect 
in KNbO3 and BaTiO3. These materials show a nonlinear 
photoconductivity [3, 4, 5, 6] and light-induced absorption 
changes [7, 8, 9]. Similar effects are observed in LiNbO3 at 
very high light intensities (> 1 MWm-2), too [10]. 

In 1988 Brost et al. [9] developed the "two-center charge- 
transport model"; two different centers are assumed, each 
of them occuring in two different valence states. The first 
center is deep and the second more shallow with respect 
to the band edge. For hole conductivity, the following pro- 
cesses take place: In the dark the shallow impurities are 
completely filled by thermally excited valence band elec- 
trons. Illumination excites electrons from the valence band 

into the deep center. With increasing intensity, the concen- 
tration of holes in the valence band certainly increases, but 
an appreciable amount is annihilated by electrons from shal- 
low impurities. Thus a redistribution of electrons from the 
shallow into the deep center happens. This causes absorption 
changes if the cross sections of deep and shallow centers are 
different [9]. Holtmann [11] discovered that the model de- 
scribes the nonlinear photoconductivity, too. Other authors 
[12, 13] explained this effect in the same manner. 

The development of the two-center model was an im- 
portant progress. Many further experimental results could 
be explained: Temperature dependence of photoconductivity 
Oph and of light-induced absorption cqi [7, 14], a linear re- 

lation between cr~ll and cq~ 1 [14], increase and decay of cqi 
[7], a linear relation between Crph and light intensity I at very 
large intensities [15], light-induced absorption generated by 
light pulses [16, 17], sensitization of the crystals for infrared 
recording by green illumination [18], dark build-up of holo- 
grams [19, 20, 21] or a photovoltaic effect increasing nonlin- 
early with light intensity [22, 23]. For these reasons, the two- 
center model has been widely accepted within a relatively 
short time. The model has been applied to other materials 
which show a nonlinear photoconductivity or light-induced 
absorption changes, e.g., to nonferroelectric sillenites [20] 
or to Srl-xBaxNb206 (SBN) [24, 25, 26]. Light-induced 
absorption measurements provide some hints that different 
shallow centers are present [17, 27] and consequently the 
most general case, a "n-center model", has been investigated 
[28]. 

But to our opinion there exists a further possibility to ex- 
plain the experimental results described above. In this con- 
tribution we present a new charge-transport model which 
we call "three-valence model". One impurity center is as- 
sumed occuring in three different valence states. We de- 
rive predictions for photoconductivity and light-induced ab- 
sorption changes, apply the results to experimental findings 
for KNbO3:Fe and finally compare the consequences of the 
three-valence and the n-center model. 
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1 Three-valence  model  

The three-valence model assumes one center X occuring in 
three different valence states as illustrated by the band di- 
agram in Figure 1. The valence states are denoted by 0, + 
and 2+. The arrows indicate the considered excitation and 
recombination processes of  electrons. At low light intensi- 
ties only X ° and X + are present because thermally excited 
valence-band electrons fill X 2+. Illumination excites elec- 
trons from the valence band into X + and generates holes 
which are annihilated by electrons from X °. For sufficiently 
high light intensities, the hole concentration becomes large 
enough that an appreciable number of  electrons from X + 
can recombine with holes and generate X 2+ contributing to 
absorption. Thus light-induced absorption changes appear. 
Furthermore participation of  X 2+ in the charge transport may 
provide a photoconductivity inreasing nonlinearly with light 
intensity. In the following we will treat the model more 
quantitatively. 

Rate equations, charge conservation and constant trap 
density may be written as 

dN+ _ + r ° N ° h - ( / 3  + + q + S + I ) N ;  
dt ~ y 

1 2 

+ + 2+ q2+S2+I)N2+ - r  N h+(/3 + , (1) 
3 

d N  2+ 
- + r+N+h - !/3 2+ + q2+sz+[)N2+ (2) 

dt ~ ., , '  
3 4 

Nc = 2 N  2 + + N  + + h ,  (3) 

N = N O + N + + N 2+ . (4) 

Here N °, N + and N 2+ are the concentrations of  X °, X + and 
X 2+, N is the whole impurity concentration, h is the con- 
centration of  holes in the valence band,/3 + and/32+ are the 
thermal generation rates, q+ and q2+ are the quantum effi- 
ciencies for hole generation upon absorption of a photon, S + 
and S 2+ are the photon absorption cross sections, [ is the 
light intensity (in photons per m 2 and s), r ° and r + are the re- 
combination coefficients and Nc  is a constant concentration; 
an appropriate Nc  maintains overall charge neutrality. The 
numbers below the different terms in (1) and (2) correspond 
to the numbers of the arrows in the band diagram (Figure 
1). We would like to emphasize that the three-valence model 
described by (1)-(4) is not a special case of the two-center 
model [9]; it is not possible to derive (1)-(4) by introducing 
a relation between the concentrations of  deep and shallow 
traps. 

1.1 Steady-state photoconductivity 

The hole concentration h determines the photoconductivity 
Crph by 

C~ph = e/z h ,  (5) 

where e is the elementary charge and # the charge car- 
rier mobility. In the steady-state situation (dN+/dt  = 0, 
dN2+/dt  = 0) and with a bole concentration h small com- 
pared to N +, the equations (1)-(4) yield 

i i i i iiii i.i iii i ~iiii12111 iiii" i i iiiiiii i I . . . . . . . . . . . . . . . . . . .  

X°/X + 
X+/X e+ 
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Fig. 1. Band diagram of the three-valence charge-transport model (CB: 
conduction band, VB: valence band). Arrows indicate excitation and re- 
combination of electrons e -  at X °, X + and X 2+. The numbers relate to the 
different terms in the rate equations (1) and (2) 

h = 
e; 2+ N - Nc  

2r + 2 N  - Nc  

(~2+ N - N c  2 n+~2+ Nc  

+ \ ~ r + f N - - - ~  + r°r  + 2 N - N c  ' 
(6) 

where the symbols ec + =/3++ q+S+I and ,%2+ _ /32++ q2+ 5,2+ / 

are introduced for the generation terms. For small light in- 
tensities (q2+,5'2+[ << /32+ but q+S+I >>/3 +) the equations (5) 
and (6) yield a linear relationship Crph e( I .  For very large 
light intensities (q2+S2+I >>/32+ and q+S+I >>/3+) a linear 
dependence Crph cx I is obtained, too. For q2+S2+I ~ /32+, 
the photoconductivity increases nonlinearly with light inten- 
sity and can be described approximately by O'ph (2( I x with 
0.5 _< x _< 1. These predictions are quite similar to those 
derived from the two-center model [11]. 

1.2 Steady-state light-induced absorption 

In the dark the absorption of the crystal is determined by 
c~(I = 0) = N+(0)S+; the concentration N2+(0) is much 
smaller than N+(0) because of  the large thermal genera- 
tion coefficient /3 2+. Illumination generates a considerable 
concentration N2+(I) and because of charge conservation 
(equation (3)) we get N+([) = N+(0) - 2N2+(I). Thus the 
absorption of the crystal illuminated with light of  intensity 
[ is c~(I) = (N+(0) - 2N2+(I))S + + N2+(I)S 2+. This yields 
for the light-induced absorption change 

(Yli = O~(I) - -  Ct(0) = N2+($2+ --  2S +) . (7) 

Generation of one X 2+ center eliminates two X + centers: 
2X + ---+ X ° + X 2÷. This leads to the factor two in (7) and 
to a difference in comparison to the two-center model. The 
equations (2) and (7) yield for the light-induced absorption 
change in the steady-state situation 

Oqi = ( S  2+ __ 2S+)Nc 

× I2 + /32+/ (T+h)  4- q2+S2+I/(r+h)] -1  , (8) 

where h can be calculated from (6). 

1.3 Relation between photoconductivity and light-induced 
absorption 

From (5) and (8) we derive 
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ali (S 2+ - 2S+)N+(0) 

x 2 + \ r ~ - +  r- ~ / ~ph " (9) 

Thus for small light intensities (q2+$2+I << /32+) a linear 
relation between cq~-l(/) and ~r~ 1 (I) is expected. The two- 
center model predicts such a relation, too [14]. However, 
interpretation of the parameters is different. Within the three- 
valence model we can determine the parameters ((S 2+ - 
2S+)N+(0)) -1 and/32+#/r+ with the help of (9). 

1.4 Build-up and relaxation of light-induced absorption 

In order to evaluate simple formulas for the time evolution 
of cqi, the hole concentration h is required. With the help of 
the adiabatic approximation (neglection of dh/dt compared 
to dN2+/dt and dN+/dt)  the equations (1)-(4) yield 

e;+(Nc - 2N 2+) +/~2+]V2+ 
h = (10) 

r+(Nc - 2N 2+) + r°(N + N 2+ - Nc) 

For sufficiently small light intensities (q2+$2+I < /3  2+, N 2+ 
negligible in (10)), the hole concentration reaches a steady- 
state value before N 2+ changes considerably. We solve the 
rate equation (2) and obtain 

Oqi(t ) = Oqi,0(1 - -  exp ( - -71 i t ) )  , (11)  

71i = (2r +h +/32+ + q2+$2+/) , (12) 

where the steady-state value cqi,0 is given by (8). 
Considering (1)-(4) and (10), the decay of cqi may be 

written in the form 

a l i ( t )  = Chi(t = O) exp(-f l*t)  , (13) 

/3, =/32+(1 + p ) - i  , (14) 
p = r+(Nc - 2 N 2 + ) / f ° ( N  + -N 2+ - N c )  • (15)  

For p << 1 this decay is exponential with the decay rate 
/3* = /32+. For p > 1 the decay rate /3* depends on time 
t h r o u g h  ]V2+(t) and its initial value defines a minimum for 
f12+: /32+ < /3* (/~ __ 0).  

The equations for the build-up and decay of light-induced 
absorption derived from the two-center model are again sim- 
ilar [7]. The reason is that the time evolution of ozli is mainly 
determined by the rate equation (2) which has the same struc- 
ture as that for the shallow center in the two-center model. 
But a significant difference occurs with the interpretation of 
the coefficient "~li. In the two-center model '~li can be ex- 
pressed very simply by parameters of the deep center [7]. 
Solving the rate equation (1) for N +, however, yields a com- 
plicated time constant because four different processes may 
change N +. 

2 A p p l i c a t i o n  t o  K N b O 3 : F e  

A very detailed investigation of photoconductivity and light- 
induced absorption changes for different light intensities and 
crystal temperatures was performed by Holtmann et al. for 
KNbO3:Fe [7]. These authors demonstrated that the two- 
center model satisfactorily describes experimental results 

29 

Table 1. Model parameters used to explain the intensity dependence of 
photoconductivity and light-induced absorption for KNbO3:Fe. The values 
of fll and /32 are given for room temperature; S + and S 2+ are for )~ = 
514 nm and light polarized perpendicular to the c-axis of the crystal 

Parameter Value 
.N 1.5 × 1024 m 3 

Nc t.45 × 1024 m -3  
q+ 0.7 
S + 1.1 x 10 -22 m 2 
fl+ 1.8 X 10 -6  s -1 
r ° 8.3 X 10 -15 m3/s 
q2+ 0.06 
5 ,2+ 2.4 X 10 -22 m 2 

32+ 0.15 s 
r + 1.5 X 10 -14 m3/s 
f f  5 x 10 -5  m2/Vs 
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Fig. 2. Specific photoconductivity ~ph/I versus light intensity I for differ- 
ent crystal temperatures T.  The symbols are measured results [7] and the 
curves are calculated from the three-valence model with the parameters of 
Table 1 

with a single parameter set. In this section we will check 
whether the three-valence model is able to explain the mea- 
surements of Holtmann et al., too. Experimental details can 
be found in [7]. 

The strategy is to leave only a few parameters free and 
to determine the other model parameters from the measured 
data. Then variation of the free coefficients is performed until 
optimal agreement between measured data and theoretical 
estimations is achieved. The varied parameters are Arc and 
q+. For # we use the value published by Holtmann et al. [7]. 
In the Appendix the determination of the complete parameter 
set is described. The obtained parameters are summarized in 
Table 1. It is important to note that the three-valence model 
has one parameter less than the two-center model. In the 
three-valence model we only have the impurity concentration 
N, while in the two-center model the concentrations of deep 
and shallow traps occur• 

The Figures 2 and 3 show the specific photoconductiv- 
ity Crph/I and the light-induced absorption change cqi ver- 
sus light intensity / for different crystal temperatures. Fairly 
good agreement between measurements and calculations is 
obtained. The Figures 4 and 5 illustrate the time evolution 
of c~]i for switching on and off the pump light. The corn- 
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Fig. 3. Light-induced absorption coefficient Oqi for A = 514 nm as a function 
of light intensity I for different crystal temperatures T. The symbols are 
measured results [7] and the curves are calculated from the three-valence 
model with the parameters of Table 1 
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Fig. 5. Light-induced absorption coefficient oqi for A = 514 nm versus time 
t. At t = 0 s the pump beam of intensity I = 3 kWm 2 is switched off. The 
sol id  curve  represents measured data [7] and the d a s h e d  curve  is calculated 
from the three-valence model with the parameters of Table 1 
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Fig. 4. LighFinduced absorption coefficient oqi for ~ = 514 nm versus time 
t. At t = 0 s a pump beam of intensity I = 29 kWm 2 is switched on. The 
symbols represent measured data [7] and the curve is calculated from the 
three-valence model with the parameters of Table 1 

puted curves are obtained by solving the rate equation (2) 
numerically with the help of the Runge-Kut ta  method using 
the adiabatic approximation (10). Good agreement between 
measured data and computations is again achieved. 

Perhaps other parameter sets yield still smaller devia- 
tions. However,  the calculations with the parameters of  Ta- 
ble 1 demonstrate that the three-valence model  enables a 
quite good description of the light-induced charge-transport 
properties in KNbO3:Fe. 

3 Discussion 

In the introduction we have listed experimental findings 
which cannot be explained by a one-center model and con- 
sequently have led to the development of two-center models. 
But these findings can also be interpreted in terms of  a three- 
valence model. Nonlinear increase of  photoconductivity O-ph 

with light intensity I (Section 1.1), l ight-induced absorption 
changes cqi (Section 1.2), temperature dependence of C~ph 

and cqi (Figures 2 and 3), the linear relation between Gph 1 

and ct~ 1 (Section 1.3), increase and decay of chi (Figures 4 
and 5) and a relation Oph o( f for very large I values (Sec- 
tion 1.1) directly follow from our analysis. Light- induced 
absorption generated by laser pulses can be understood if 
further valence states of the centers are assumed under in- 
tensive pulse illumination. Sensitization of the crystals for 
infrared recording by green il lumination can be explained 
in the following way: Green light generates X 2+ impurities 
with energy levels close to the valence band allowing the 
excitation of valence band electrons into X 2+ with infrared 
light. Finally the nonlinear increase of the photovoltaic cur- 
rent with light intensity may result from contributions of 
both valence states, X + and X 2+, with different photovoltaic 
coefficients and the intensity dependence of the concentra- 
tions N + and N 2+. 

In the present situation, the question if  two-center model 
or three-valence model cannot be answered unambigously. 
Only the identification of  centers and valence states involved 
could provide a key to the solution. 

Light- induced charge-transport properties of transition- 
metal-doped LiNbO3 crystals at usual cw laser intensities 
can be described by one-center models [2], but at high in- 
tensities additional effects (light-induced absorption, nonlin- 
ear photoconductivity) occur, pointing to the influence of  
further centers [10, 29]. Many investigations revealed the 
nature of the centers: Nb 5+ ions on Li + sites trap electrons 
and small polarons are formed under il lumination [30]. If 
the number of  polarons is reduced by decreasing the num- 
ber of  Nb 5+ ions on Li + sites, e.g. by doping with Mg or 
Zn, l ight-induced absorption is reduced [31], too, and pho- 
toconductivity scales linearly in I [32]. For these reasons 
we think that the two-center model  has to be applied for 
the description of  photorefractive effects in LiNbO3 at high 
light intensities. 
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But in the case of the ferroelectric perovskites BaTiO3 
and KNbO3 we see some arguments in favour of the three- 
valence model. Numerous investigations were carried out 
with different samples, but always light-induced absorp- 
tion and a nonlinear photoconductivity were observed, By 
doping, e.g. with iron [33], these effects are considerably 
increased. Thus the interpretation in terms of  the two- 
center model yields a correlation between shallow and deep 
centers which is difficult to understand. The three-valence 
model, however, yields a correlation between different va- 
lence states which is obvious. 

Three valence states of  impurity centers in perovsldtes 
have indeed been found experimentally. Possenriede et al. 
investigated different BaTiO3 samples by a combination 
of  ESR and optical absorption measurements [34]. They 
showed that many different centers exist which may con- 
tribute to the photorefractive process. In all crystals they 
observed that Fe 3+ and Fe 4+ play a dominant role. Further- 
more they found in all samples that illumination generates 
Fe 5+. Perhaps we can identify X °,+,2+ with Fe 3+,4+'5+. An 
additional center which provides a three-valence system is 
chromium, occuring as Cr 3+'4+~5+ in BaTiO3 [34]. 

Furthermore, Schunemann et al. showed [35] that iron 
doping increases the absorption of  BaTiO3 and that the ab- 
sorption can be decreased by reducing treatments. These au- 
thors discovered that reduced samples have a much smaller 
and more linear photoconductivity (%h oc I ~ with z close 
to 1) after reduction. This can be explained very well by 
the three-valence model. Iron doping increases the concen- 
tration N+(0) and thus enhances the crystal absorption. Re- 
ducing treatments decrease N+(0) and thus the absorption 
decreases. Furthermore, the photoconductivity decreases be- 
cause the density N + of  empty traps decreases and the den- 
sity N o of  filled traps increases. The smaller photoconduc- 
tivity and the smaller concentration N + are responsible that 
only small concentrations N 2+ can be generated. Thus the 
influence of the third valence state on erph becomes weaker 
and the photoconductivity more linear in I .  This interpreta- 
tion leads to smaller light-induced absorption changes due 
to a smaller concentration N 2+ in reduced samples which 
has been confirmed by measurements of Temple and Warde 
[36] in BaTiO3:Fe. - These are strong arguments that more 
than two valence states of impurities obviously have to be 
taken into account with the interpretation of photorefractive 
effects in perovskites. 

ctl[ 1 and erp~l we deduce (S 2+ - 2 S + ) N c / 2  = 14 m -1. 

Together with the information S+Nc = 160 m -1 we get 
S2+Nc = 348 m -1 and use this for the determination of  
S 2+. The iron concentration in the crystal has been measured 
(cFe = 1.5 × 1024 m -3) and is assumed to be equal to Jr. From 
(5), (8) and (12) we d e r i v e  eTliOqier~ 1 = ( S  2 + - 2 S + ) N c  r+/#. 

Considering (S 2+ - 2S+)Nc = 28 m-* the measured data 
yield r+/# = 3 × 10 -1° V. Together with # we get the 
parameter r +. For large intensities light-induced absorption 
saturates (% = Ctli,sat ) and the specific photoconductivity be- 
comes constant ((~ph//) = (erph//)sat). From (5) and (8) we 
derive 

q2+ = (O_ph//)sat r +  [ ( S 2 +  _ 2S+)Nc _ 2oqi,sat ] 

X (Oqi,sat $2+ c]2) I . (16) 

The experiments give as results oqi,sat = 12 m -1 and (O-ph//)sat 
= 6 x 10 -14 m V  2. These values, the parameters determined 
until now and (16) yield q2+. The light-induced absorption 
changes should saturate for I >_ Isat with Isat =/32+/(q2+$2+). 
From the measurements we get /sat ~ 4 kWm -2 at room 
temperature. Together with q2+ and S 2+ this relation enables 
calculation of/32+. For higher temperatures, appropriate/32+ 
values are calculated from the Arrhenius law with an thermal 
activation energy of EA = 0.8 eV. For large light intensities 
(r;+ ~ q+S+i, ~;2+ ~ q2+S2+i) the expression for the steady- 
state hole concentration (6) simplifies. Rearrangement of the 
equation yields with (5) 

1 r/ernh \ 2 1 (erph] 
r-~ = | /~}[k,  I ]sat ~ + \ I ,}sat 

r + 2 N  - Nc  
x 

q+S+q2+S 2+ Nc 

±q2+s2+ E>Xc] 
e# r + 2 N - A r c J  

(17) 

With the help of  this equation we determine the coefficient 
r °. Considering/32+ >>/3 + we get from (5) and (6) for the 
steady-state dark conductivity the expression 

3 + N c  
(7 d = O-ph(/= 0) = ~ C / Z ~ E ~ V  C . (18) 

The experiment yields era = 5 × 10 -14 ( f2m)  1. With the 
help of  (18) we finally determine the parameter ,8 + . 
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Appendix 

Here we describe the procedure to determine all model pa- 
rameters from the experimental results and from Nc, q+ and 

In the dark the concentrations N 2+ and h are much 
smaller than N +. Thus charge conservation (3) requires 
N+(0) = Arc. The low intensity absorption is given by 
a(O) = N c S  + = 160 m -1 . This enables calculation of S +. 
From (9) and from the measured linear relation between 
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