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Theory of high-temperature photorefractive phenomena in LiNbO3 crystals
and applications to experiment

B. I. Sturman, M. Carrascosa, F. Agullo´-López, and J. Limeres
Departamento Fı´sica de Materiales, C-IV, Universidad Auto´noma de Madrid, Cantoblanco, Madrid, E-28049, Spain

~Received 19 November 1997!

We develop a theory of high-temperature photorefractive phenomena in LiNbO3 crystals related to the
problem of thermal fixing and storage of optical information. The theory covers the temperature range 20–
300 °C relevant to the experiment. It is based on a systematic exploiting of small physical parameters, typical
of the subject, and distinguished by general and simple expressions for characterization of the fixing, devel-
oping, and decay processes. It is shown that thermally excited electrons are competitive with protons~respon-
sible for the charge compensation! within a wide high-temperature region 200–300 °C. They are not only
responsible for the dark decay of information, but also for pronounced high-temperature peculiarities of the
recording and relaxation processes. A good qualitative agreement between the theory and a great amount of
accumulated factual data are obtained.@S0163-1829~98!03920-4#
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I. INTRODUCTION

Currently, after more than 20 years of development,1–13

studies of high-temperature photorefractive phenomena
lated to the opical storage problem have experienced a
markable upsurge.14–34 Advances of experimental tech
niques, accumulated factual data and an experience
modeling of the relevant processes of charge transfer, h
made it possible to approach a clear physical picture of
whole subject.

The above studies date back to the idea of how to m
permanent the optical information recorded in a photorefr
tive crystal in the form of an electronic charge replica. It w
proposed1 that during high-temperature recording of info
mation ~a sinusoidal spatial grating, hologram, in the si
plest case! or during the heating of the crystal with a prev
ously recorded replica, the electronic charge may
compensated by optically passive thermally activated io
Cooling the crystal to room temperature makes the ions
mobile, and the corresponding ionic replica becomes per
nent. First experiments on LiNbO3 crystals supported this
physical idea and demonstrated the potential of the ther
fixing technique.2

Main efforts have, so far, been focused on thermal fix
and relevant high-temperature photorefractive processe
LiNbO3, which remains the most promising material f
storage applications. It has been proved unambigousl6,28

that the optically passive ions, responsible for the cha
compensation, are protons. Many experiments have sh
that the main mechanisms of electron charge transfer
drift and diffusion of photoexcited electrons and also t
photovoltaic effect.35,36 The last one is associated with th
spatial asymmetry of photoionization in noncentrosymme
cal materials. Initial model equations incorporating the m
tioned transport mechanisms are well known, as well as t
general solutions in the limit of small contrast of the lig
pattern,7,10,16,29and they are not the subject of much contr
versy. The main stages of kinetic processes related to
fixing phenomenon are recognized fairly well.7,16,29 An ap-
570163-1829/98/57~20!/12792~14!/$15.00
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preciable amount of experimental data is accumulated on
subject.8,9,13,15,20,23–25,29,30,33,34

Figure 1~a! illustrates a typical temporal dependence
the amplitude of the space-charge field~which is one of the
most important measurable characteristic of the hologra!
during the process of high-temperature recording and
subsequent development or~and! decay. It corresponds to th
recording temperatureT5160– 180 °C usual for the therma
fixing. Many features of the depicted processes, in particu
the presence of fast and slow stages of recording and de
are understood nowadays. It is worth noting that a consid
able progress in theory and experiment has been made in
last few years. So only recently was the slow stage of
dark decay associated with thermal excitation of electron29

In spite of the progress made, the physical picture
fixing-related phenomena in LiNbO3 remains incomplete and
fragmental. On the one hand, systematization of experim
tal data has been hampered by the instability of the inter
ence light fringes during recording and bad control of t
crystal parameters. On the other hand, theoretical works h
been, so far, unable to provide experiments with a suffici
set of predictions concerning the main features of fixin
related phenomena. Such important questions as what
optimum conditions are for the fixing procedure within th
accepted model and how the characteristics of develop
and decay depend on the recording time have not been
isfactorily answered. Conflicting statements persist about
storage time of a fixed hologram.32,33 Surprisingly little at-
tention has been paid to a comparison of the theoretical
dictions with accumulated experimental data. Moreov
drastic qualitative changes in the photorefractive behavio
LiNbO3 crystals above 200 °C depicted in Fig. 1~b! remain
unclear, although the implication of thermal electrons
these changes has been suggested.17

In this paper we try to fill the gap in theoretical studies
high-temperature photorefractive effects in LiNbO3 and to
establish a bridge between theory and available factual d
A distinctive feature of our approach is a systematic explo
ing of small parameters relevant to the subject that allows
12 792 © 1998 The American Physical Society
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57 12 793THEORY OF HIGH-TEMPERATURE PHOTOREFRACTIVE . . .
to simplify the analytical expressions and make them ph
cally meaningful. Figures serve us mainly for illustration
the established general dependences. In this way, we
described in a simple manner all the rate coefficients and
characteristic amplitudes for the recording and relaxat
processes, as well as the impact of the fixing duration on
subsequent developing and decay. Inclusion of the h
temperature region,T*200 °C, in our considerations has a
lowed to gain a insight into the role of thermal electrons
fixing-related phenomena and to reveal distinctive manif
tations of these carriers.

The structure of the paper is as follows. Section
forms the theoretical basis. We discuss first the structur
the initial set of coupled equations for the space-cha
field and the concentrations of protons, electrons,
ionized traps. Then we introduce the main approximatio
to arrive at simplified equations for the amplitudes
electronic and protonic gratings induced by a perio
light pattern. Having a very simple structure, these equati
incorporate the essence of the high-temperature photore
tive phenomena. Further, on the basis of the literat
data, we analyze the values and the temperature depend
of the parameters entering the simplified equations
make numerical estimates to justify the approximatio
made.

In Sec. III we describe the slow and fast relaxation mod

FIG. 1. Two typical life histories of holograms in LiNbO3. ~a!
T&180 °C. The segments 0–1 and 1–2 depict thef ands record-
ing stages, 2–3 and 4–5 correspond to the developing process
and 3–4 to thef stage of dark decay, 5–7 to the light-induce
decay, and 4–8 to thes stage of dark decay. The segment 6 –8
illustrates the increasing rate of decay after switching off the lig
~b! T.220 °C. The segments 0–1 and 1–2 correspond to thef and
s stages of recording, 2–3 to thef stage of relaxation at the sam
temperature, and 3–4 to thes stage of relaxation.
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on the basis of the simplified equations. This includes
relaxation rates and the relationships between the amplitu
of electronic and ionic gratings~eigenvalues and eigenvec
tors!. We show that the slow relaxation mode is responsi
for charge compensation, which is at the heart of the fixin
related phenomena. Last, we consider actual limiting ca
for the relaxation rates.

Section IV is devoted to the characterization of the tw
stage recording process. We show that the inclusion of th
mal electrons into consideration changes dramatically
high-temperature behavior and allows us to explain pe
liarities of the experimental photorefractive kinetics abo
200 °C. We demonstrate also that the slow stage of rec
ing, during which the changes of the space-charge field
not pronounced, is of prime importance for fixing durin
recording.

In Sec. V we analyze different relaxation processes f
lowing high-temperature recording. First, it is shown in
general form that the characteristic amplitude of the spa
charge field, which is achieved after the fast stage of a c
tain relaxation process, depends essentially on the dura
of the original recording stage, but not on the history of t
intermediate fast relaxations. We derive further explicit e
pressions for the space-charge field amplitude characteri
the processes of developing and decay at different temp
tures. We demonstrate that thermally excited electrons m
fest themselves clearly in the high-temperature relaxa
processes.

In the final sections, Secs. VI and VII, we discuss t
findings and applications of our studies, and formulate
conclusions.

II. THEORETICAL BACKGROUND

A. Initial equations

Our theoretical studies are based on the conventional t
species model for the thermal fixing.10,16,29 It is supposed
that the charge carriers are protons and free electr
The electrons may be excited optically and therma
from deep immobile traps of only one kind. The above e
citation processes are balanced by a recombination of e
trons to the empty traps. The transport processes for H1 ions
are drift in the space-charge field and diffusion. For electro
we take additionally into account photovoltaic transport o
ing to the asymmetry of the photoexcitation.35,36 This is es-
pecially important for LiNbO3 crystals doped with Fe and
Cu.

The buildup of the space-charge field~hologram! is sup-
posed to be induced by the spatial modulation of the li
intensity,I 5I 0(11m cosKz), wherem is the contrast of the
light pattern andK the grating vector. Relaxation process
may occur either under uniform illumination (m50) or in
the dark.

The dynamic variables in our model are the space-cha
field E, the density of free electronsn, the concentration of
ionized trapsN1, and the hydrogen concentrationH. These
variables obey the following coupled set of electrostatics a
rate equations:

–4

t.
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]E

]z
5

e

ee0
~N12NA1H2H02n!,

]N1

]t
5~ST1SphI !~N2N1!2SrN

1n,

]n

]t
5

]N1

]t
1

1

e

] j e

]z
,

]H

]t
52

1

e

] j h

]z
. ~1!

Heree is the absolute value of the electron charge,ee0 the
dielectric constant,H0 the average hydrogen concentratio
N the total trap concentration,NA the concentration of com
pensating passive acceptors, andST , Sph, andSr are micro-
scopic parameters characterizing the processes of therma
citation, photoionization, and recombination, respective
The current densitiesj e and j h , related to electrons and pro
tons, are given by

j e5emenE1eDe

]n

]z
1b~N2N1!I ,

j h5emhHE2eDh

]H

z
, ~2!

whereme,h are the mobilities of electrons and H1 ions,De,h
their diffusion coefficients, andb is the photovoltaic coeffi-
cient. In accordance with Einstein relation, we haveDe,h
5me,hkBT/e, where kB is Boltzmann constant andT the
absolute temperature.

It is assumed in Eqs.~2! that the electric field inside the
crystal has no spatially uniform component. The motivat
for this physical restriction will be given below in this se
tion. Mathematically, the above assumption means that
spatial average of the space-charge field,^E&, is zero. We
suppose also that the crystal is neutral as a whole. T
means that the spatial average^N12NA1H2H02n& is
zero.

It is important to take into account that in all actual cas
the concentration of free electrons is much less than the
centrations of filled and empty traps. This means, in parti
lar, that the thermal and photoexcitations affect the unifo
parts ofN1 andN2N1 negligibly. Below in this section we
provide the reader with numerical estimates justifying t
assumption. The spatial averagesNA5^N1& and ND5^N
2N1&, i.e., the concentrations of acceptors and donors,
important characteristics of the crystal. For LiNbO3 usually
ND!NA .30,37

Now we can introduce a number of important physic
parameters characterizing the electron processes proce
under uniform illumination. These parameters are the e
tron lifetime te5(SrNA)21, the light absorption coefficien
a5SphND\v, where\v is the energy of a light quantum
the rates of thermal (T) and photo ~ph! excitations, gT

5STND and gph5aI 0 /\v, the total rate of excitation,g0
5gT1gph, the average electron concentrationn05g0te ,
which consists of the thermal and photonic parts; and l
the photovoltaic field EPV5bI 0ND /emen0

ph
,

ex-
.

n

e

is

s
n-
-

s

re

l
ing
c-

t,

5bSrNA /emeSph. Note that the productemen0
ph is the pho-

toconductivity, the productemen0
T is the electron contribu-

tion to the dark conductivity, and the combinationbNDI 0 is
the direct photovoltaic current measurable in experiment
many cases the parametersa, mete , EPV, andbND may be
found experimentally. It is useful also to introduce the d
electric relaxation rates related to electrons and protonsge
andgh . They are given by

ge5emen0 /ee0 , gh5emhH0 /ee0 . ~3!

In accordance with the above expression forg0 , the elec-
tronic ratege consists of the thermal (ge

T) and photo (ge
ph)

contributions. The sumg5ge1gh is the overall rate of di-
electric relaxation. Its inverseg21 is the characteristic relax
ation time of a macroscopic electric field due to the elec
conduction.

B. Simplified equations

Our aim is to describe the response of the crystal to
spatially modulated light intensity. In this way we shall use
number of approximations exploiting the smallness of cert
physical parameters entering the initial equations~1! and~2!.
At the first step we assume the following convention
approximations.7,10,16,29

~i! Linear approximation in the contrastm. The higher
Fourier harmonics of the dynamic variables are suppose
be negligible in comparison with the fundamental comp
nents. This means a representation of the variables in
form

E5EKeiKz1c.c.,

N12NA5NK
1eiKz1c.c.,

H2H05HKeiKz1c.c.,

n2n05nKeiKz1c.c., ~4!

where ‘‘c.c.’’ means the complex conjugate. In general, n
glect of higher harmonics imposes some restriction on
contrastm.

~ii ! The temporal derivative]nK /]t in the third equation
of the set~1! is negligible in comparison with the termnK /te
coming from the right-hand side of this equation. This s
called adiabatic approximation exploits the smallness of
electron lifetime as compared with the characteristic rel
ation times. Usually, this requirement is fulfilled with a larg
margin of safety.

~iii ! The amplitudenK appearing in the first of Eqs.~1! is
negligible in comparison with the amplitudesNK

1 and HK .
This approximation is also well justified since it also mak
use of the smallness of the electron lifetime.

Under these approximations we obtain from Eqs.~1! and
~2! the following closed linear set of evolution equations f
the amplitudesNK

1 andHK :
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dNK
1

dt
1g̃e~11je!NK

11g̃eHK5FK ,

dHK

dt
1ghNK

11gh~11jh!HK50. ~5!

Here gh is the protonic rate of the dielectric relaxation, i
troduced earlier, andg̃e5ge(11K2LD

2 )21 is the renormal-
ized electronic rate with the electron diffusion lengthLD
5(Dete)

1/2. The dimensionless parametersje,h and the ef-
fective driving forceFK , entering Eqs.~5!, are given by

je5
ED

Eq
2 i

EPV

Eq

NA

N

ge
ph

ge
,

jh5
ED

Eq

Nt

H0
,

FK52 i
m

2
Ntge

ph EPV1 iED

Eq
, ~6!

whereED5KkBT/e andEq5eNt /e0eK are so-called diffu-
sion and saturation fields, andNt5NAND /N is the effective
trap concentration. The introduced notation is conventio
for the photorefractive area.38

With the last of the above approximations, the field a
plitude EK is expressed algebraically by the sumNK

11HK :

EK52 iEq

NK
11HK

Nt
. ~7!

Note that the value ofuEKu may be measured directly b
means of Bragg diffraction of light from the refractive inde
grating linked with the grating of the space-charge field
the linear electro-optic effect. This is why the variableEK is
of prime importance in our theory.

The structure of the system~5! is worthy of attention. It is
seen that the protonic component is not driven directly,
only via the electronic one. This is due to the protons be
optically passive. The renormalization of the dielectric rela
ation rate related to electrons~i.e., the replacement ofge by
g̃e! does not affect the structure of the set~5!. Furthermore,
this renormalization is always very small. In what follow
we ignore the difference betweeng̃e andge in Eqs.~5!.

The dimensionless parametersje,h are small in most ac-
tual cases,ujeu, jh!1. The terms including these paramete
are, however, indispensible in the governing system~5! be-
cause they form its structure. It is obvious, in particular, t
Eqs. ~5! have no stationary solutions if the parametersje,h
are omitted. One can say in advance that the smallnes
je,h predetermines many essential features of hi
temperature photorefractive phenomena.

The parameterje is generally complex; its imaginary pa
is due to the photovoltaic effect. As was mentioned,
LiNbO3 crystals we haveND!N so thatN.NA ; in what
follows, we put for simplicityNA /N51 in the relation~6!
for je . The expressions forje andFK both come from dif-
fusion and photovoltaic contributions. The photovolta
share inje andFK is, however, different. The driving force
FK is proportional to the effective driving fieldEeff5EPV
al

-

t
g
-

t

of
-

1 iED , whereas theje factor is proportional toEPVge
phge

21

1 iED . This distinction is important for high-temperatur
photorefractive phenomena.

Our subsequent considerations are based on the simp
evolution equations~5! and the relations~6! and ~7!. At the
same time, the temperature dependences of the rate co
cientsgh , ge

ph, andge
T , entering the basic equations, carry

great deal of additional information on the high-temperat
recording and relaxation processes.

C. Material parameters

Fixing-related phenomena deal with a considerable nu
ber of material parameters. Some of them are known fa
well, whereas information about some others is very sca
On the other hand, relations between the material parame
essentially define the character of high-temperature phot
fractive effects.

It is well established nowadays that hydrogen ions H1 are
responsible for the compensation of the electronic charg
LiNbO3 crystals.6,28The concentration of hydrogen,H0 , var-
ies usually from;1018 to ;1019 cm23. The temperature de
pendence of the mobilitymh has been investigated in a num
ber of experimental papers; see, e.g., Refs. 14 and 28
obeys an activation lawmh5mh

0 exp(2«h /kBT), typical for
hopping ion motion. The activation energy«h in LiNbO3
crystals varies usually from 1.1 to 1.3 eV; in the case
Fe-doped samples,«h.1.2 eV. The preexponential mobility
factormh

0 is expressed asmh
05eDh

0/kBT with a virtually con-
stant preexponential diffusivity factorDh

0; according to the
literature data,Dh

0 ranges from;1021 to ;1 cm2/s in bulk
crystals.14,28

The above data allow us to estimate the temperature
pendence of the ionic relaxation rategh . Line 1 in Fig. 2 is
the Arrhenius plot of gh for H05331018 cm23, «h

51.2 eV, Dh
050.3 cm2/s, and the dielectric constant o

LiNbO3, e530. It is seen that within the temperature inte
val 50–300 °C the rategh ranges from;1026 to ;102 s21.

Concerning the electron transport, the accepted one-
model is well justified for LiNbO3 crystals doped with Fe o
Cu.37,39 In the first case, the ions Fe21 and Fe31 serve as

FIG. 2. Arrhenius plots for the dielectric relaxation rates~solid
lines! and for the ratioge

TH0 /Nt ~dashed line!.
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donors and acceptors, respectively. For Cu-doped crys
these are Cu1 and Cu21. In both cases one can accept us
ally thatND!N. The effective trap concentrationNt.ND is
typically of the order of 1018 cm23; i.e., it is either compa-
rable or less than the hydrogen concentrationH0 . Increasing
ND results in an undesirably strong light absorption, wher
decreasingND to ;1017 cm23 makes the accepted mod
hardly reliable because of uncontrollable defects presen
LiNbO3.

The photoelectric properties of LiNbO3 crystals have been
mostly investigated at room temperature.36 It is established
that the photovoltaic transport dominates for Fe- or C
doped samples. The photovoltaic constant may be estim
as b'0.5310226 cm3/V. The productmete ranges usually
from ;10212 to ;10213 cm2/V; correspondingly, the pho
tovoltaic field EPV varies from;101 to ;102 kV/cm. In
spite of rather low values of themete product, the photocon
ductivity at room temperature dominates over the dark c
ductivity already for very low laser intensity
(,1 mW/cm2). For light intensityI 0;1021 W/cm2, typical
for cw experiments, the dielectric relaxation ratege

ph

'1022– 1023 s21.
The temperature dependence of the photovoltaic cons

b, as well as of the light absorption coefficienta, is rather
weak. At the same time, according to Refs. 36 and 40,
photoconductivity~i.e., themete product! is thermally acti-
vated with an activation energy«e

ph.0.16 eV. Similar infor-
mation may be extracted from the experimental data of R
13. Note that a temperature dependence of the photocon
tivity with an activation energy«e

ph50.1– 0.3 eV seems to b
typical for many ferroelectrics.41 Usually, it is explained by
the thermally assisted small polaron conduction.37,39 An al-
ternative mechanism is associated with the spatial mod
tion of the bottom of the conductivity band.42 The micro-
scopic mechanism of the thermally activat
photoconductivity is irrelevant for the purpose of our studi

Line 2 in Fig. 2 shows a representative temperature
pendence ofge

ph. We have taken«e
ph50.15 eV and chosen a

reasonable experimental value ofge
ph for room temperature

One sees that increasing the temperature from 20 to 20
increasesge

ph ~and, consequently, decreasesEPV! by approxi-
mately one order of magnitude.

Direct measurements of the electron mobility are ha
pered by its low value. One can expect that for room te
peratureme&1022 cm2/V s. The electron lifetime, which
corresponds to this estimate, is of the order of 10210 s.

Very little is known about the electron component of t
dark conductivity,emen0

T5emeteSTND , for LiNbO3 crys-
tals. One can say with a fair degree of confidence that wit
the temperature interval 20–200 °C this component does
exceed the conductivity of H1 ions. It is clear from genera
considerations that the thermal electronic conductivity
thermally activated. The corresponding activation energy«e

T

consists of two contributions related to the rate of therm
excitation of electrons from deep trapsST and to themete
product, respectively. One can expect that the first contr
tion can hardly be less than 1 eV. So we can accept tha
rate ge

T , related to thermal electrons, is proportional
exp(2«e

T/kBT) with «e
T.1 eV.
ls
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We shall see in what follows that the thermal electron
contribution is of prime importance for the high-temperatu
domain. Line 3 in Fig. 2 shows a representative depende
ge

T(T). It has been chosen to explain a great body of ac
mulated experimental data on the kinetics of the hig
temperature recording and relaxation processes in LiNb3;
see Secs. IV and V. The value taken of the activation ene
is «e

T51.4 eV. Within the whole temperature interval, th
thermal component of the electronic conductivity is small
comparison with the protonic conductivity.

D. Numerical estimates

The above information and assumptions on the relev
material parameters enables us to make a number of num
cal estimates to justify the approximations made earlier
to gain an overall view of the subject.

Let us estimate first the characteristic diffusion and sa
ration fieldsED5KkBT/e andEq5eNt /ee0K, which do not
experience strong temperature dependences. Settinge530,
T5200 °C, Nt5531017 cm23, and the grating spacingL
[2p/K51 mm, we obtain ED.2.5 kV/cm and Eq
.500 kV/cm. At this temperature the photovoltaic fieldEPV
ranges presumably between 100 and 101 kV/cm; roughly, it
is comparable withED . The ratio ED /Eq equals K2Rd

2,
whereRd5(ee0kBT/Nte

2)1/2 is the Debye screening length
According to our estimates forED and Eq , we haveK2Rd

2

'1022.
The electron diffusion lengthLD5(Dete)

1/2 may be esti-
mated using the data on themete product. Assumingmete
510212 cm2/V, we get LD.20 Å for 200 °C. Because o
the square root law, this estimate is not very sensitive
variations of themete product andT. The characteristic pho
tovoltaic drift lengthLPV5meteEPV is typically less than 1
Å.

To justify the neglect of the derivative]n/]t in Eqs.~1!,
one should make certain that the lifetimete is much shorter
than the relaxation timeg21. For the accepted values o
crystal parameters and the data of Fig. 2, we obtaingte
&1028. So the above adiabatic approximation is justifi
perfectly well.

Our neglect ofnK in comparison withNK
1 andHK in the

first of Eqs.~1! also implies the smallness ofte . To estimate
roughly the rationK /NK

1 , it is sufficient to notice thatnK

&g0te and to take that the space-charge amplitudeeNK
1 cor-

responds to the characteristic fieldED . For the light intensity
I 0&1 W/cm2 and the accepted values of crystal paramete
the rationK /NK

1 does not exceed 1025.
The renormalization of the electronic relaxation rate

Eqs.~5! is negligible whenK2LD
2 !1. SinceLD;101 Å, this

inequality is fulfilled perfectly well even for a grating spa
ing L comparable with the light wavelength.

Neglect of the higher Fourier harmonics of the dynam
variables~the linear approximation in the contrastm! has
generally no strong safety margin. It should be understo
however, that allowance for higher harmonics cannot cha
the structure of the left-hand side of the simplified equatio
~5!, which, actually, is the fingerprint of the theory of high
temperature photorefractive processes. Corrections for hig
harmonics could merely give a renormalization of the dr
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ing force FK in the right-hand side of Eqs.~5!. As long as
H0*Nt , this renormalization is numerically small even f
m.1. Anyway, decreasingm suppresses strongly the effe
of higher harmonics.

The assumption of a zero uniform component of the el
tric field, made in Sec. II A, may be justified as follows.
the photovoltaic effect is negligible,EPV!ED , this assump-
tion corresponds to the case of zero applied voltage. If
haveEPV*ED , it corresponds to the so-called closed circ
regime, which provides for optimum conditions for phot
voltaic charge separation and, furthermore, is most typ
for experiment.29,36 The role of the photovoltaic fieldEPV is
similar here to the role of a strong applied field. In such
way, the above assumption incorporates most actual s
tions for experiments with LiNbO3 crystals.

Finally, let us estimate the values of dimensionless
rametersje,h entering the simplified equations~5!. For Nt
5531017 cm23, L51 mm, andT5200 °C, we have, in ac
cordance with the previous estimates,je8[Reje.531023.
Only for an extremely small effective trap concentrationNt
&1017 cm23 and very small grating spacingL!1 mm may
the real part ofje approach 1. The value ofj9[Im je is
strongly dependent on the temperature. In the region of
ficiently low temperature, wherege

ph*ge
T , we have je9

*je8 . IncreasingT results in a decrease ofEPV and, what is
more important, in a sharp decrease of the ratioge

ph/ge
T ; see

also Fig. 2. For this reason, in the high-temperature dom
wherege

ph!ge
T , the parameterje is nearly real,je9!je8 .

The dimensionless parameterjh is always real. SinceNt
&H0 , we havejh!1 even with a larger safety margin tha
for je8 .

III. FAST AND SLOW RELAXATION MODES

Within the approximations made in the previous secti
the dynamic variables have only two degrees of freedom
they are governed by the second-order linear equations~5!.
This linear set may be characterized by two relaxation mo
~fast and slow! and, correspondingly, by two relaxation rat
G f and Gs .7,10,29,31To find these rates, we putFK50 and
NK

1 , HK}exp(2Gt) in Eqs. ~5!. After that we arrive at the
following algebraic system forNK

1 andHK :

@2G1ge~11je!#NK
11geHK50,

ghNK
11@2G1gh~11jh!#HK50. ~8!

The condition of solvability of this system gives us two s
lutions for the rateG. Sinceuje,hu!1, it is sufficient to find
these solutions in the leading approximations inje,h . After
simple calculations we obtain

G f5ge1gh , Gs5
gegh

ge1gh
~je1jh!. ~9!

These expressions include a great deal of information ab
fast (f ) and slow (s) relaxation processes. The fast rateG f
is simply the overall rate of the dielectric relaxationg. The
smallness of the slow rate in comparison with the fast o
-
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,
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e

comes from both factors entering expression~9! for Gs . Put-
ting ge or gh equal to zero in this expression turnsGs to
zero.

The slow rate is generally complex. Its real partGs8 , pro-
portional toK2Rd

2, characterizes the ambipolar diffusion o
electrons and protons. This diffusion is slowed down beca
of the electrostatic attraction of the opposite charges. T
imaginary partG9 is due to the photovoltaic effect.

To analyze the temperature behavior ofG f ,s , we consider
separately the cases of dark (I 050) and light-induced (I 0
Þ0) relaxations. The light-induced relaxation may be rela
to the transient recording stage and also to developing
decay of a recorded grating under uniform illumination.

Let, first, I 050. In this case we havege5ge
T and Gs9

50. Within the temperature range wheregh@ge
T ~in Fig. 2

this is, actually, the whole region!, we obtain, from Eqs.~9!,

G f.gh , Gs.ge
TK2Rd

2~11Nt /H0!. ~10!

The temperature dependences ofG f and Gs are obviously
thermally activated and characterized by the activation en
gies«h and«e

T , respectively.
Let now I 0Þ0. In this case, two temperature regions a

of main interest. In the high-temperature limit, wheregh

@ge
T@ge

ph ~in Fig. 2 it corresponds toT*160 °C!, the
imaginary part ofGs is negligible andG f ,s are given again by
Eqs. ~10!. In the low-temperature limit, wherege

ph@gh ,ge
T

~it corresponds toT&80 °C in Fig. 2!, we obtain

G f.ge
ph, Gs8.ghK2Rd

2~11Nt /H0!,

Gs9.2KmhEPVH0 /Nt . ~11!

The temperature dependences ofG f , Gs8 andGs9 are charac-
terized by the activation energies«e

ph, «h , and«h2«e
ph, re-

spectively. It is likely that in this limit we haveuGs9u@Gs8 .
This means that instead of the relaxations mode one should
speak of a weakly damped propagating space-charge w
with eigenfrequency2Gs9 . The presence of such an eige
mode may, as known, result in interesting resonance p
nomena when the crystal is exposed to a running light p
tern instead of a standing one.43,44 Unfortunately, the low
values of the eigenfrequency hamper the performance
resonance experiments.

Figure 3 shows the temperature dependences ofG f , Gs8 ,
andGs9 , in the dark and under illumination, within the who
interval 20<T<300 °C. It is assumed that the grating spa
ing L51 mm, Nt5531017 cm23, H05331018 cm23, and
EPV(20 °C)560 kV/cm; the values ofgh , ge

T , andge
ph cor-

respond to Fig. 2. It is seen that the value ofGs8 is not prac-
tically affected by light. The imaginary part ofGs , related to
the photovoltaic effect, is nonzero only under illuminatio
In the low-temperature region, wherege

ph@ge
T ,gh , the ratio

G f /Gs8 is strongly increasing with temperature.
It is possible that for short grating spacings (L!1 mm)

and a small effective trap concentration (Nt&1017 cm23) the
photovoltaic fieldEPV becomes comparable withEq in the
low-temperature limit. In this special case, the express
~11! for Gs8 has to be replaced by
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Gs8.
gh

11Eq
2/EPV

2 . ~12!

It should be kept in mind, however, that the initial simp
model for electrons can hardly be justified forNt well below
1017 cm23.

The algebraic system~8! not only allows one to calculate
G f ,s but also to find out the relations between the amplitu
NK

1 andHK for the f ands modes. By combining any of Eqs
~8! with the explicit expressions~9! for G f andGs , we obtain

NK
1gh5HKge ~ f mode!,

HK52~11jege /g2jhgh /g!NK
1.2NK

1 ~s mode!.
~13!

Hence the fast relaxation brings the system quickly to a s
with nearly complete compensation of positive and nega
charges. As we shall see, the obtained information about
f and s modes is highly useful for dealing with high
temperature recording and relaxation processes.

Let us compare the above theoretical predictions w
available experimental data. Direct observations of the
and slow stages of the dark decay of a preliminary recor
grating and direct measurements of the relaxation ratesG f ,s
were reported for the temperature interval 144–168 °C.23,24

These measurements have shown thatG f@Gs with the fast
rateG f practically independent of the grating spacing and
slow rateGs}K2. Both relaxation constants were therma
activated. The measured activation energies for thef and s
processes were« f.1.1 eV and «s.1.3 eV, respectively.
The smallest detected values ofGs were of the order of
1025 s21. Similar experimental data were obtained more
cently in Refs. 25 and 29.

One can see that the above experimental data fit well
theoretical predictions and, in particular, the expressions~10!
for G f ,s . The experimental activation energies« f and «s

have to be identified with«h and«e
T , respectively.

FIG. 3. Temperature dependences of the fast and slow re
ation rates. Curves 1 and 18 characterize the fast rateG f under
illumination and in the dark, respectively; the coinciding curves
and 28 show the real part of the slow rateGs8 , irrespectively of
illumination, and curve 3 corresponds to the imaginary partGs9
under illumination.
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IV. HIGH-TEMPERATURE RECORDING

A. Characteristic field amplitudes

The recording stage corresponds toFKÞ0 and zero initial
conditions forNK

1 and HK in Eqs. ~5!. Using the standard
Laplace transformation, one can easily find the dependen
NK

1(t) and HK(t) and calculate then the field amplitud
EK(t) from Eq.~7!. As follows from the structure of Eqs.~5!
and the results of Sec. III, the amplitudeEK may be repre-
sented in the form

EK5Ef~12e2G f t!1Es~12e2Gst!, ~14!

whereEf and Es are the components of the stationary a
plitudeEK(`), related to thef ands processes. The compo
nentEf may be named the quasistationary amplitude beca
this is the value ofEK(t) achieved, actually, by the end o
the fast stage and varying afterwards very slowly. The co
ponentsEf ,s have to be calculated in the leading approxim
tion in je,h . The final result forEf ,s andEK(`)5Ef1Es is

Ef5
m

2
Eeff

ge
ph

g
,

Es5Ef

~ghjh2geje!

ge~je1jh!
,

EK~`!5
m

2
Eeff

ge
ph

ge

1

11je /jh
, ~15!

whereEeff5EPV1 iED is the effective driving field. The re-
lation for Ef has a simple structure and clear meaning. T
is the field amplitude resulting from the balance between
diffusion and photovoltaic electronic currents~which are the
cause for charge separation! on the one hand and the ele
tronic and protonic Ohmic currents on the other side. T
quasistationary amplitudeEf has nothing to do with the sub
sequent slow process of charge compensation.

The expression forEs is far from trivial; it requires some
comments. In the high-temperature limit, wherege

T@ge
ph and

je is actually real, the amplitudeEs can change its sign as
function of T. Changing the sign ofEs /Ef from positive to
negative means that the kinetics ofuEKu changes from mo-
notonous to nonmonotonous with a maximum att.G f

21.
Using Eqs.~3! and~6!, one finds that the critical temperatur
Tc , defined by the conditionEs50, meets the equation
gh /H05ge

T/Nt , which is equivalent to

mh5men0
T/Nt.meteST . ~16!

The solution to this equation~if it exists in the high-
temperature region! depends on neitherH0 nor Nt . It char-
acterizes therefore some fundamental relation between
electronic and protonic conductions. According to our a
sumptions,«e

T.«h . This means thatEs is of the same sign
asEf for T,Tc and of the opposite sign forT.Tc .

In order to explain an appreciable amount of accumula
experimental data on LiNbO3 crystals~see below in this and
next sections!, we takeTc.200 °C. This critical temperature
corresponds to the intersection point of the lines 1 and 4
Fig. 2. Some theoretical justification of the assumption ma
may be done using the following simple model expressio

x-
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for ne
T and me : ne

T5ND exp(2«n /kBT) and me5me
0 exp

(2«m /kBT), where«n1«m5«e
T . With these expressions w

have, from Eq.~16!,

Tc5
«e

T2«h

kB ln~me
0/mh

0!
. ~17!

If we take«e
T2«h50.2 eV, we find out that the temperatu

Tc5200 °C corresponds to the ratio of the mobility pree
ponential factorsme

0/mh
0'102, which is consistent with the

microscopical models of electron and ion transport.
Figures 4~a! and 4~b! illustrate the kinetics ofuEKu for T

,Tc and T.Tc . The f and s stages of recording are we
pronounced. The change inuEKu is relatively small ~and
comparatively slow! during thes stage. In this connection
the quasistationary valueEf is sometimes mistaken for th
stationary one in experimental studies.

Let us turn to experimental facts on the recording proc
supporting our value ofTc . The occurrence of slow and fas
stages of high-temperature recording in LiNbO3 crystals was
recognized early.3,7 It was found forT5176– 180 °C that
after a fast initial saturation of the amplitudeuEKu its slow
growth persists. Unfortunately, experiments in this tempe
ture region were hampered by fluctuations of the position
the light fringes during long-term recording. Measureme
in the high-temperature regionT5180– 300 °C have bee
performed more recently.17 They have shown that forT
.230 °C, the field amplitudeuEKu experiences a pronounce
maximum after thef stage, whereas below 200 °C this p
culiarity is absent.

FIG. 4. Kinetic plots ofuEK(t)u in the high-temperature region
ge

T@ge
ph. The crystal parameters are the same as for Figs. 2 an

~a! T,Tc , ge
TH05ghNt/2. The solid curves correspond to recor

ing and the dashed ones to the following relaxations for two diff
ent recording times. Details of thef stages cannot be resolved wi
this time scale.~b! The same forT.Tc , ge

TH053ghNt ; the inset
shows in detail thef stage of the first relaxation process.
-

s

-
f
s

Figure 5 shows the temperature dependences of the
uEs /Ef u, given by Eqs.~15!, for three representative value
of the photovoltaic field at room temperature. One sees
irrespectively of the value ofEPV this ratio turns to zero a
T5Tc.200 °C, which corresponds to the above-discus
high-temperature peculiarities of the recording kinetic. T
second noticeable minimum atT.140 °C is pronounced
only for a sufficiently weak photovoltaic effect. At this min
mum we haveH0ge

ph.Ntgh . For T&100 °C the ratio
uEs /Ef u is near 1.

In the temperature region wherege
T!ge

ph ~T&150 °C in
Fig. 2!, Eqs.~14! and~15! admit oscillations ofuEK(t)u dur-
ing the s stage of recording. These oscillations are p
nounced for EPV@ED ; their relative amplitude depend
strongly onT ~see Fig. 6!. This temperature dependence co
relates with the dependenceuEs /Ef u(T) in Fig. 5. We do not
know of any experimental confirmation of this prediction
the theory. The main difficulty for the detection of the ph
tovoltaic oscillations comes from their low frequency.

3.

-

FIG. 5. Temperature dependences of the ratiouEs /Ef u, charac-
terizing the f and s recording stages, for three different values
the photovoltaic field at room temperature.
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B. Charge compensation

In fact, the above results on the field amplitude do n
fully characterize the recording process. An important pie
of information concerning the amplitudes of electronic a
protonic gratings is still missing. We refer toNK

1 as the am-
plitude of electronic grating because the spatial modula
of N1 is produced by trapped electrons.

To characterize the amplitudesNK
1 and HK , we decom-

pose them intof and s parts by analogy with Eq.~14! for
EK :

NK
15Nf

1~12e2G f t!1Ns
1~12e2Gst!,

HK5H f~12e2G f t!1Hs~12e2Gst!. ~18!

The corresponding components of the stationary amplitu
Nf ,s

1 andH f ,s , are coupled with each other by the relatio
obtained in Sec. III: Nf

1gh5H fge and Hs52(1
1jege /g2jhgh /g)Ns

1.2Ns
1 . Furthermore, one can fin

out algebraically from Eqs.~5!, ~8!, and ~18! that Nf
1

.Ns
1Gsge /G fgh andH f.2HsGs /G f . Obviously, we have

uH f u,uNf
1u!uHsu.uNs

1u. This means that sufficiently long
recording results in nearly complete compensation of e
tron and proton charges,HK.2NK

1 . Such a charge compen
sation is the essence of fixing during recording.

The value of the compensated~hidden! charge is an im-
portant characteristic of the recording process. It defines

FIG. 6. Oscillations ofuEK(t)u during thes stage of recording
caused by the photovoltaic effect. The crystal parameters are
same as for Figs. 2 and 3, andEPV~20 °C!570 kV/cm. Cases~a!
and ~b! refer toT5152 and 135 °C, respectively.
t
e

n

s,

c-

as

we shall see in Sec. V, the characteristic features of the s
sequent relaxation processes. Assuming that the recor
process is long enough to produce a strong charge com
sation, we obtain, in the leading approximation inje,h for the
value of compensated charge,

HK.2NK
1. i

m

2
Nt

ge
ph

ge

Eeff

Eq

~12e2Gst!

je1jh
. ~19!

As for the value of noncompensated charge,NK
11HK , it is

fully characterized by Eqs.~7!, ~14!, and~15!.
Now we specify the expression ‘‘sufficiently long recor

ing time.’’ Using Eqs.~18! and the above relations forNf ,s
1 ,

we find out easily that the condition for strong charge co
pensation,uNK

11HKu!uNK
1u,uHKu, is fulfilled for the record-

ing time t@gh
21. The asymmetry between electrons and p

tons stems from the fact that protons are optically passive
the temperature region wherege

ph!gh ~T*130 °C in Fig. 2!,
the restriction on the recording time is equivalent to t
inequality t@G f

21. In the opposite casege.ge
ph@gh

~T&100 °C in Fig. 2!, the recording timet, needed to reach
the compensation, is much longer thangh

21, which, in turn,
is much longer than the duration of thef stage of recording,
G f

21. This restriction ont is very hard for experiment.
The overall picture of charge separation during record

looks now fairly simple. During the fast stage, which ends
by t.(2 – 3)G f

21 without any strong charge compensatio
the field amplitudeEK approaches its quasistationary val
Ef . The subsequent long and slow evolution ofEK(t) is
accompanied by the accumulation of the ‘‘hidden’’ charg
this accumulation saturates only fort*(Gs8)

21@G f
21. The

change ofEK during the s stage is exclusively due to
noncomplete charge compensation for thes mode; see Eqs
~13!. This change is proportional to the sumNs

11Hs , i.e., to
the combinationghjh2geje . This explains the structure o
the expression~15! for Es . It should be remembered that th
dependenceuEK(t)u may look apparently saturated after thef
stage of recording~see Figs. 1 and 2!: however, the accumu
lation of the compensated charges still persists.

Let us analyze finally the temperature dependence of
maximum value of compensated charge, which is achieve
the end of thes stage of recording. In the high-temperatu
limit ge

T@ge
ph, we have, forGst*2 – 3,

uHK~`!u.
m

2

ge
ph

ge
T

uEeffu
ED

NtH0

Nt1H0
. ~20!

This value, as well as the expression foruEK(`)u @see Eqs.
~15!#, includes the factorge

ph/ge
T , sharply decreasing with

increasingT. In the low-temperature limit, wherege
ph@ge

T ,
we haveuHK(`)u.mNt/2, which is much higher than the
value given by Eq.~20!. Curves 1 and 2 in Fig. 7 illustrate
the temperature dependence of the ratio 2uHK(`)umNt for
EPV50 andEPV(20 °C)560 kV/cm, respectively. It is seen
that the positive influence of the photovoltaic effect is n
ticeable, but not very strong. A sharp decrease forT
*170 °C remains the most prominent feature of curve
and 2. Curve 3 in Fig. 7 is plotted forEPV(20 °C)
560 kV/cm and neglecting thermal electrons. The decre
of uHK(`)u in the high-temperature region is comparative
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weak in this latter case. The difference between curves
and curve 3 makes clear the negative impact of the ther
excitation on high-temperature recording. The fact of
strong decrease of the efficiency of recording forT
*170 °C is known from experiment3,17 and provides addi-
tional support for our model.

It should be emphasized that decreasing temperature
only results in increasing the stationary amplitudeHK(`),
but also in drastically increasing the time 1/Gs8 needed to
build up the protonic grating; see, e.g., Fig. 3. For this rea
some trade-off should be between the high value of accu
lated charge and a reasonably short recording time. Exp
ment shows that the optimum temperature for fixing is ab
170 °C in the case of LiNbO3,

3,17 which is in harmony with
our theory.

V. RELAXATION PROCESSES

A. General observations

The recording stage is followed by relaxation process
These proceed in spatially homogeneous conditions@zero ef-
fective driving forceFK in Eqs. ~5!#, either in the dark or
under a uniform illumination. It is clear that any relaxatio
process consists off ands stages. The field amplitudeEK(t)
may, then, be represented in the form

EK5Efe
2G f t1Ese

2Gst. ~21!

Analogous expressions@with the amplitudesNf ,s
1 and H f ,s

coupled by Eqs.~13!# are valid forNK
1(t) andHK(t).

Thes stage of any relaxation process always means de
of the field amplitude. After completion of this stage a
spatial inhomogeneity of the charge distribution has dis
peared. As concerns the fast stage of relaxation, it can re
in a decrease~decay!, as well as in an increase of the amp
tudeEK . The developing process is the best known and
portant example of the fast stage of relaxation. Develop
means a considerable increase of the field amplitude u
uniform illumination because of deterioration of the char
compensation reached after recording; see segments 2–

FIG. 7. Temperature dependences for the amplitude of the
tonic gratingHK(`). Curves 1 and 2 are plotted for the photovo
taic fieldEPV~20 °C! equal to 0 and 60 kV/cm, respectively, and t
previous values of the crystal parameters. Curve 3 is obtained
ge

T50 andEPV~20 °C!560 kV/cm.
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4–5 in Fig. 1~a!. Often, developing experiments are pe
formed at room temperature after a high-temperature fix
procedure.

The term decay is usually referred to decreasing am
tude uEKu during relaxation~fast or slow!. The decay may
occur under illumination or in the dark, and it is depicted
segments 3–4 and 5–6 in Fig. 1~a! and segments 1–2 an
3–4 in Fig. 1~b!. The reciprocal rate of slow relaxatio
Gs

21(T), taken in the dark, characterizes the storage time
the fixed holograms as a function of the temperature. T
time is much longer than the dielectric relaxation time,g21

5G f
21.

In contrast to thes stage of recording, the amplitud
uEK(t)u cannot experience any oscillations during thes stage
of decay under illumination in spite of the presence of
imaginary part ofGs . It is so becauseuEKu}exp(2Gs8t) at
this stage.

Let us suppose that the initial valuesNK
1(0) andHK(0)

@and consequentlyEK(0)# are known for a certain relaxatio
process. In this case, in addition to the values of the co
sponding relaxation ratesG f ,s , the field amplitudeEs ,
achieved after the fast stage (G f t.2 – 3), is the most impor-
tant observable characteristic of the process under st
This amplitude corresponds to the points 3, 4, and 5 in F
1~a! and to the points 1 and 3 in Fig. 1~b!. It depends gen-
erally on the initial conditions and the type of relaxatio
process.

Using Eqs.~13! to link H f with Nf
1 andHs with Ns

1 , the
obvious conditions HK(0)5H f1Hs and NK

1(0)5Nf
1

1Ns
1 , and Eq.~7!, we get the following general relations:

Ns
15

ghNK
1~0!2geHK~0!

g
,

Es5 iEq

~ghjh2geje!

g

Ns
1

Nt
. ~22!

The values ofge,h andje,h correspond to the relaxation pro
cess under study.

The case of strong charge compensation in the initial s
@NK

1(0).2HK(0)# is worthy of particular attention. We
have hereNs

1.NK
1(0) and

Es. iEq

~ghjh2geje!

g

NK
1~0!

Nt
. ~23!

Equation ~23! shows that a relatively small variation o
NK

1(0) @and HK(0)# gives rise to a small correction ofEs .
The corresponding change in the initial field amplitu
EK(0) ~which is defined by the initial value of noncompe
sated charge! can, however, be very strong. As for the abo
relation forNs

1 , it is quite obvious, because the amplitud
NK

1 andHK.2NK
1 decrease considerably only during a lon

time comparable with the value 1/Gs8 for the slow relaxation
process. During thef stage of relaxation, the compensat
~coupled! charges experience no noticeable degradation.

As follows from these observations, we can use the sa
initial condition to describe thef stage of a new relaxation
process which follows the considered one. The numbe
fast relaxation cycles sufficient to decreaseNK

1(0) may be

o-

or
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estimated asG f /Gs8 , which is much greater than 1, esp
cially in the low-temperature region; see Fig. 3.

The amplitudesNK
1 and HK attained during the high

temperature recording fort@G f
21 satisfy fully the require-

mentNK
1(0).2HK(0) imposed on the initial conditions fo

relaxation. If the initial amplitudesNK
1(0) andHK(0) are not

nearly opposite, they acquire this property after thef stage of
the first relaxation process. An important example is fixi
by means of recording at a low temperature with subsequ
heating of the sample. Thes stage of recording is not avail
able at low temperatures, which means the absence of ch
compensation. The subsequentf stage of dark decay at a
elevated temperature produces such a compensation.

The general view of fast relaxation processes is now fa
simple. If we have initially a fixed grating with strongl
compensated electron and proton charges, the field ampli
Es attained after thef stage of a certain subsequent rela
ation process is defined by the conditions of this process
more precisely, it is determinated by the value of the para
eterjhgh /g2jege /g for the correspondings mode. There-
fore, repetition of a sequence of fast relaxation proces
results in repetition of the corresponding values ofEs . A
considerable degradation of fixing occurs after many rel
ation cycles. This essential feature of fixed holograms
been demonstrated experimentally.29,33

Below we apply the general equation~23! to particular
relaxation processes, depicted in Fig. 1, and discuss the
lation between the theory and experiment.

Since the conditions for recording, developing, and de
processes are often different, we use in what follows, w
necessary, the indices ‘‘rec,’’ ‘‘dev,’’ ‘‘dark,’’ and ‘‘light’’
to specify the process under study and its conditions.

B. High-temperature relaxation

Let us consider the relaxation in the high-temperat
limit, wherege

ph!ge
T , gh ~T*160 °C in Fig. 2!. In this limit,

a considerable lowering of the operating temperature
hardly possible during a time shorter than the longest ch
acteristic time of the charge relaxation, 1/Gs8 . For this reason
we restrict ourselves to the same temperature for both
recording and relaxation processes. The valueEs for the re-
laxation process is nearly the same here in the dark and
der light:

Es. iED

ghNt2ge
TH0

NtH0~gh1ge
T!

NK
rec. ~24!

The sign of this expression coincides with the sign of
componentEs

rec, characterizing thes stage of recording. This
means that the grating amplitudeEK(t) changes its sign dur
ing the f -relaxation stage forT.Tc ~see Sec. IV! and re-
mains of the same sign forT,Tc . In other words, the pecu
liarity of recording for T.Tc should correlate with the
peculiarity of thef relaxation following the recording. This
is illustrated by Figs. 4~a! and 4~b!. The predicted nontrivial
features of high-temperature behavior are in excellent ag
ment with experiment.17 This is one more piece of evidenc
for the participation of the thermal electrons in fixing-relat
photorefractive phenomena in LiNbO3.
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It is important to realize that the slow componentEs(t rec),
together withNK

rec, experiences saturation only for (Gst)rec

*1. At the same time, the amplitudeEK
rec reaches its quasis

tationary levelEf , already for (G f t)rec*2 – 3. This means
that the fraction of thes component of the relaxation
Es /EK

rec, grows strongly witht rec. Mostly the f component
has to be present in the relaxation after an insufficiently lo
recording; see also Fig. 3. Qualitatively, these features c
respond to experimental data of Refs. 3 and 23.

In the case of a stationary recorded grating exp(Gst)rec
@1, we have in the general case

Es

EK
rec~`!

5
gh

g
2

ge

g

je

jh
. ~25!

This expression gives the maximum possible value
uEs /EK

recu for the temperatureT. For H0@Nt and ge
T*gh

@ge
ph this ratio may exceed 1 in absolute value. This mea

that point 3 in Fig. 1~b! may be higher than point 2.
Figure 8 shows the ratiouEs /EK

rec(`)u as a function ofT
within the interval 160–300 °C for dark and light-induce
relaxations and the previous values of the representative
rameters. In the first case, the ratioEs /EK

rec(`) is real and it
changes its sign from positive to negative with increasingt,
in full agreement with Eq.~24!. In the second case, this rati
is complex because of the photovoltaic contribution toje .
For T*170 °C this contribution is relatively small. It result
however, in the replacement of the zero minimum value
uEK(t)u during thef stage of relaxation@see Fig. 4~b!# by a
small finite one. Starting fromT.175 °C, the function
uEs /EK

rec(`)u(T), given by curve 2, grows rapidly with de
creasingT owing to an increasing imaginary part ofje . The
rate of this growth depends, of course, on the value of
photovoltaic field.

C. Developing

This process refers to the fast stage of light-induced
laxation at a low temperature. LetTrec lie in the intermediate-
temperature region defined by inequalitiesTrec,Tc and
gph(Trec)!ge

T(Trec). This region is presumably 170–180 °

FIG. 8. Temperature dependences of the ratiouEs /EK(`)u for
dark ~solid curve! and light-induced~dashed curve! relaxations at
T5Trec. The photovoltaic fieldEPV~20 °C! is 60 kV/cm.
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and it is near the optimum for the fixing procedure
LiNbO3. The developing temperatureTdev is supposed to be
much lower thanTrec so thatge

ph(Tdev)@ge
T(Tdev),gh(Tdev); see

also Fig. 2. In this case, we have from Eq.~23! the following
simple relation:

Es
dev.Eeff

dev
HK

rec

Nt
. ~26!

It has been assumed that the grating amplitudesHK
rec and

(NK
1)rec do not experience considerable changes during c

ing the crystal down fromTrec to Tdev. According to Eq.
~19!, the ratioHK

rec/Nt is

HK
rec

Nt
. i

m

2

H0

H01Nt
S ge

ph

ge
T

Eeff

ED
D

rec

~12e2Gst!rec. ~27!

In accordance with this expression, a pronounced increas
Es

dev as a function oft rec takes place for LiNbO3 crystals
doped with Fe and Cu.3,8

Let us find now the ratiouEs
dev/EK

recu, which characterizes
the value of the jump from point 2 to 3 in Fig. 1~a!. Assum-
ing a steady state forEK

rec ~andHK
rec! and using Eq.~15! for

EK(`), one obtains the following explicit expression:

UEs
dev

EK
recU. uEeff

devu
ED

rec

H0

Nt
. ~28!

In the low-temperature region, usuallyEeff
dev.EPV

dev@ED
dev; on

the other hand, the diffusion fieldED
rec5KkBTrec/e is not

much larger thanED
dev. SinceH0*Nt in LiNbO3, we have

uEs
devu@uEK

recu. In such a way, the field amplitude should e
perience a considerable increase during development.
characteristic feature has been observed in m
experiments.3,7,29,34

Figure 9 illustrates the temperature dependence
uEs

dev/EK
recu for different values ofEPV(20 °C) on the basis o

Eq. ~28!. The decrease inEs
dev with decreasing temperatur

comes here from the decrease ofEPV(T). Recall that the
ratio Es

dev/EK
rec becomes smaller by a factor 12exp(Gst)rec if

the s stage of the recording process is not finished.

FIG. 9. Dependence ofuEs
dev/EK

recu on the developing temperatur
for a grating fixed previously up to the saturation atTrec5170 °C.
Curves 1, 2, 3, and 4 are plotted forEPV~20 °C! equal to 0, 12, 30,
and 60 kV/cm, respectively.
l-
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DecreasingTrec results in a sharp decrease ofGs8 .
Completion of thes stage of the recording process~fixing of
the hologram! may become problematic for this reason.

D. Low-temperature decay

The process under study is the decrease of the field
plitude EK in the dark or under a uniform illumination~see,
e.g., segments 3–4 and 5–7 in Fig. 1!. We restrict ourselves
to the same low-temperature region as in Sec. V
ge

ph(Tdec)@ge
T(Tdec), gh(Tdec).

Let us assume first that the low-temperature relaxat
proceeds in the dark. In this case some decay of the gra
amplitude takes place during thef stage. Using Eqs.~15! and
~23!, one can obtain for the case of stationary recordi
(Gst)rec*2 – 3,

Es
dec

EK
rec.

Tdec

Trec
. ~29!

Hence some small drop from point 2 to 4 in Fig. 1~a! is
determined in this case only by the temperature ratio.

It is useful also to link the amplitudesEs
decandEs

dev. Their
ratio does not depend on the recording time and can be
resented in the form

Es
dev

EK
dec. i

H0

Nt

Eeff

ED
. ~30!

The right-hand side of this expression is supposed to
taken at the temperatureTdec5Tdev. Hence we have, as ex
pected,uEs

devu@uEs
decu. Since the ratioTdec/Trec varies within

a narrow range of.0.65– 0.8, the dependenceuEs
dev/Es

decu on
Tdec is not much different from the one given by Eq.~28! and
illustrated by Fig. 9.

The s stages of the relaxation processes following thef
stage of dark decay or developing both result in decay of
remaining grating to zero; see the segments 4–8 and 5–
Fig. 1~a!. The rates of the corresponding relaxations in t
dark and under light are given by Eqs.~10! and ~11! for Gs

and Gs8 , respectively. According to our model, we hav
(Gs8) light@Gs

dark. This feature was clearly seen in experimen
with LiNbO3 crystals carried out forTdec.80–90 °C.29,33

The s stage of the light-induced decay@see segment 5–6
in Fig. 1~a!# may be interrupted at a certain time moment
switching off the uniform illumination. We return in this
case to thef stage of dark decay, that is, to a short-tim
increase of the relaxation rate. The value of the correspo
ing drop of the amplitudeuEKu is obviously relatively small.
Just this enhancement of the relaxation rate by mean
removing illumination was detected recently in Ref. 33. Th
feature was not, however, explained properly.

Let us finally recall that the relation between thes and f
components ofEK for a decay process depends significan
on the recording time. In the case of a short recording ti
(Gst)rec!1, the decay consists mainly of thef stage. This
feature is illustrated by Fig. 4~a!.

In many experimentsuEs
decu is much less thanuEK

recu.23,24,33

This means that the initial process of high-temperature fix
was far from saturation.
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VI. DISCUSSION

The presented theory has several remarkable featu
which distinguish it from most previous studies. We ha
used at a high degree the presence of small physical pa
eters, which determine the character of high-tempera
photorefractive processes in LiNbO3 crystals. It has made i
possible to focus our attention on key features of these
cesses and to describe them by fairly simple and gen
relations.

Among the notions used, the most important one is
separation of the high-temperature processes into fast
slow components. Systematic exploiting of this concept
allowed us to characterize in detail the corresponding
and slow relaxation rates and to describe in a simple
general manner the characteristic grating amplitudes.

A remarkable feature of our treatment is that it is appl
to a wide temperature region, which includes not only
temperatures relevant for the fixing phenomenon, but a
the high-temperature domainT*200 °C. Entering in this
domain has enabled us to reveal the competitive role of t
mal electrons in fixing-related processes and to find dist
tive manifestation of these electrons in the kinetics of reco
ing and subsequent relaxation processes.

We have used the whole spectrum of available exp
mental data on high- and low-temperature photorefrac
effects in LiNbO3 to compare them with the predictions o
our theory. The main result of such a comparison is a s
prisingly good qualitative agreement for a variety of char
teristic features of recording, developing, and decay p
cesses. This comparison has allowed us to estimate
parameters which determine the contribution of thermal e
trons to charge transport in LiNbO3.

Considerations of different aspects of high-temperat
photorefractive phenomena have made it certain that
present level of measurements is still insufficient for a
tailed comparison between theory and experiment. Es
cially this applies to the recording stage. In fact, the requ
ment of stability of the interference light fringes during th
slow stage of recording~which may last many hours! is very
hard for most experimental setups. Special provisions h
to be taken to avoid strong distortions and noise becaus
slow thermal and mechanical fluctuations and air convect
There is real hope that implementation of the technique
active stabilization of the light fringes45 in combination with
a vacuum chamber will permit reliable and repeatable
cording experiments.46

Our analysis of the different processes encourages u
touch the problem of the storage time of a fixed hologra
Many conflicting judgements have been made to clarify t
practically important matter; see, e.g., Refs. 2, 25, 32,
pl
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33. Within our model this storage time is nothing else th
the rate of slow relaxation,Gs

21, taken in the dark. At room
temperature this time may be several orders of magnit
longer than the dielectric relaxation timeG f

21. For the grat-
ing spacingL51 mm, T520 °C, Nt5531017 cm23, and
the data of Fig. 2, the storage time exceeds 103 yr.

The mentioned conflicting estimations could be due to
erroneous identification of the storage time withG f

21. This
misinterpretation may have its roots in a insufficiently lo
duration of the fixing procedure, which, in turn, is caused
fluctuations of the position of the light fringes. As we ha
seen, the dark decay exhibits mainly thef stage in this case
An extrapolation of the data for the apparent decay rate
room temperature has nothing to do in this case with
storage time.

The last point to discuss is at what extent the above the
may be applied to other photorefractive materials. The
proximations used and the general relations obtained rem
valid for many photorefractive ferroelectrics like LiTaO3,
KNbO3, and BaTiO3. Except for LiNbO3 and LiTaO3 crys-
tals, the photovoltaic transport may be regarded as unim
tant, which simplifies the theory. As concerned the particu
features associated with the thermo activation depende
of gh , ge

T , andge
ph, they may vary considerably in differen

cases.

VII. CONCLUSIONS

Our analytical theory based on the conventional tw
species equations for charge transfer in LiNbO3 and the sys-
tematic use of small physical parameters allows for a sim
and general description of a variety of photorefractive p
nomena in the wide temperature region 20–300 °C. Th
mally excited electrons are shown to be responsible, not o
for the dark decay of the recorded information, but also
distinctive features of the recording and relaxation proc
above 200 °C. A good qualitative agreement between
theory and experiment is obtained for a wide spectrum
characteristics of fixing-related phenomena in LiNbO3. Sta-
bilized long-term experiments are needed to reveal fully
potential of the thermal fixing for applications.
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