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Theory of high-temperature photorefractive phenomena in LiNbG; crystals
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We develop a theory of high-temperature photorefractive phenomena in LiNbh®Gtals 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 (pesioors-
sible for the charge compensatjowithin 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 obtainggi0163-182808)03920-4

[. INTRODUCTION preciable amount of experimental data is accumulated on the
Subjectf_s,g,la15,20,23—25,29,30,33,34

Currently, after more than 20 years of developnient, Figure Xa) illustrates a typical temporal dependence of
studies of high-temperature photorefractive phenomena reghe amplitude of the space-charge fiélhich is one of the
lated to the opical storage problem have experienced a ranost important measurable characteristic of the hologram
markable upsurg¥ 34 Advances of experimental tech- during the process of high-temperature recording and the
nigues, accumulated factual data and an experience isubsequent development(@nd decay. It corresponds to the
modeling of the relevant processes of charge transfer, hawecording temperaturé€= 160—180 °C usual for the thermal
made it possible to approach a clear physical picture of théxing. Many features of the depicted processes, in particular
whole subject. the presence of fast and slow stages of recording and decay,

The above studies date back to the idea of how to makare understood nowadays. It is worth noting that a consider-
permanent the optical information recorded in a photorefracable progress in theory and experiment has been made in the
tive crystal in the form of an electronic charge replica. It waslast few years. So only recently was the slow stage of the
proposed that during high-temperature recording of infor- dark decay associated with thermal excitation of electfdns.
mation (a sinusoidal spatial grating, hologram, in the sim- In spite of the progress made, the physical picture of
plest casgor during the heating of the crystal with a previ- fixing-related phenomena in LiNk@emains incomplete and
ously recorded replica, the electronic charge may bdragmental. On the one hand, systematization of experimen-
compensated by optically passive thermally activated ionstal data has been hampered by the instability of the interfer-
Cooling the crystal to room temperature makes the ions imence light fringes during recording and bad control of the
mobile, and the corresponding ionic replica becomes permaerystal parameters. On the other hand, theoretical works have
nent. First experiments on LiNkQcrystals supported this been, so far, unable to provide experiments with a sufficient
physical idea and demonstrated the potential of the thermalet of predictions concerning the main features of fixing-
fixing techniqué related phenomena. Such important questions as what the

Main efforts have, so far, been focused on thermal fixingoptimum conditions are for the fixing procedure within the
and relevant high-temperature photorefractive processes mccepted model and how the characteristics of developing
LiNbO5;, which remains the most promising material for and decay depend on the recording time have not been sat-
storage applications. It has been proved unambigb@®ly isfactorily answered. Conflicting statements persist about the
that the optically passive ions, responsible for the chargstorage time of a fixed holografA3 Surprisingly little at-
compensation, are protons. Many experiments have showtention has been paid to a comparison of the theoretical pre-
that the main mechanisms of electron charge transfer ardictions with accumulated experimental data. Moreover,
drift and diffusion of photoexcited electrons and also thedrastic qualitative changes in the photorefractive behavior of
photovoltaic effect>3® The last one is associated with the LINbO; crystals above 200 °C depicted in Figbl remain
spatial asymmetry of photoionization in noncentrosymmetri-unclear, although the implication of thermal electrons in
cal materials. Initial model equations incorporating the menthese changes has been suggebted.
tioned transport mechanisms are well known, as well as their In this paper we try to fill the gap in theoretical studies of
general solutions in the limit of small contrast of the light high-temperature photorefractive effects in LiNp@nd to
pattern’1%162%and they are not the subject of much contro-establish a bridge between theory and available factual data.
versy. The main stages of kinetic processes related to tha distinctive feature of our approach is a systematic exploit-
fixing phenomenon are recognized fairly welf?° An ap-  ing of small parameters relevant to the subject that allows us
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to simplify the analytical expressions and make them physion the basis of the simplified equations. This includes the
cally meaningful. Figures serve us mainly for illustration of relaxation rates and the relationships between the amplitudes
the established general dependences. In this way, we hawg electronic and ionic grating&igenvalues and eigenvec-
described in a simple manner all the rate coefficients and thgrs). We show that the slow relaxation mode is responsible
characteristic amplitudes for the recording and relaxatiorfor charge compensation, which is at the heart of the fixing-

processes, as well as the impact of the fixing duration on thes|ated phenomena. Last, we consider actual limiting cases
subsequent developing and decay. Inclusion of the hightg, the relaxation rates.

temperature regio; =200 °C, in our considerations has al-
lowed to gain a insight into the role of thermal electrons in
fixing-related phenomena and to reveal distinctive manifes
tations of these carriers.

The structure of the paper is as follows. Section Il
forms the theoretical basis. We discuss first the structure

Section IV is devoted to the characterization of the two-
stage recording process. We show that the inclusion of ther-
mal electrons into consideration changes dramatically the
high-temperature behavior and allows us to explain pecu-
ljarities of the experimental photorefractive kinetics above

g . 00 °C. We demonstrate also that the slow stage of record-
the initial set of coupled equations for the space-chargé during which the chanaes of the space-charae field are
field and the concentrations of protons, electrons, and"9: 9 9 P g

ionized traps. Then we introduce the main approximationd!®t Pronounced, is of prime importance for fixing during
to arrive at simplified equations for the amplitudes of'€cording. _ _
electronic and protonic gratings induced by a periodic N S€c. V we analyze different relaxation processes fol-
light pattern. Having a very simple structure, these equation!oWing high-temperature recording. First, it is shown in a
incorporate the essence of the high-temperature photorefrageneral form that the characteristic amplitude of the space-
tive phenomena. Further, on the basis of the literatur&harge field, which is achieved after the fast stage of a cer-
data, we analyze the values and the temperature dependené@®¥ relaxation process, depends essentially on the duration
of the parameters entering the simplified equations an@f the original recording stage, but not on the history of the
make numerical estimates to justify the approximationgntermediate fast relaxations. We derive further explicit ex-
made. pressions for the space-charge field amplitude characterizing
In Sec. Il we describe the slow and fast relaxation modeshe processes of developing and decay at different tempera-
tures. We demonstrate that thermally excited electrons mani-

fest themselves clearly in the high-temperature relaxation
processes.
= In the final sections, Secs. VI and VII, we discuss the
P findings and applications of our studies, and formulate the
2 , conclusions.
s -~
g \ Il. THEORETICAL BACKGROUND
e A. Initial equations
(@) e Ol_Jr theoretical studies are bas_eq on the cpnventional two-
species model for the thermal fixif§%?° It is supposed
that the charge carriers are protons and free electrons.
The electrons may be excited optically and thermally
_ from deep immobile traps of only one kind. The above ex-
w’ . citation processes are balanced by a recombination of elec-
43;’ 3 trons to the empty traps. The transport processes foioHs
= are drift in the space-charge field and diffusion. For electrons
§ . we take additionally into account photovoltaic transport ow-
£ 2 ing to the asymmetry of the photoexcitatibit® This is es-
o pecially important for LiNbQ crystals doped with Fe and
Cu.
s The buildup of the space-charge fidkiblogran) is sup-
(b) Time posed to be induced by the spatial modulation of the light

intensity,l =1(1+m cosKz), wherem is the contrast of the
T=180°C. The segments 0—1 and 1—2 depictftds record- light pattern andK the grating vector. Relaxation processes

ing stages, 2—3 and 4-5 correspond to the developing process, o.Mmay occur either under uniform illuminatiom(=0) or in

and 3-4 to thef stage of dark decay, 5-7 to the light-induced the dark. ) . .

decay, and 4-8 to the stage of dark decay. The segment 6—6 The dynamic variables in our model are the space-charge
illustrates the increasing rate of decay after switching off the lightfield E, the density of free electroms the concentration of

(b) T>220 °C. The segments 0—1 and 1-2 correspond té tred  ionized trapaN*, and the hydrogen concentratieh These

s stages of recording, 2—3 to tHestage of relaxation at the same variables obey the following coupled set of electrostatics and
temperature, and 3—4 to tlsestage of relaxation. rate equations:

FIG. 1. Two typical life histories of holograms in LiNRO(a)



12 794 B. I. STURMAN et al. 57

E _ € (N*—Nat H—Hg—) =,BS,NA/§,4_LeSph. Note that theTp_rodutn,uengh is the pr_]o—

9z €€ A 0 ' toconductivity, the produceuen, is the electron contribu-
tion to the dark conductivity, and the combinatiBpl, is

N+t the direct photovoltaic current measurable in experiment. In

o~ (St Sl )(N— NT)—SN'n, many cases the parametersu.7e, Epy, andSNp may be

found experimentally. It is useful also to introduce the di-
+ ; electric relaxation rates related to electrons and protegs,
an Nt 1 9j. )
= — and y,, . They are given by

— _|__
ot ot e dz’

oH 1 4j, Ye=€umeNo/ €€y, yn=eunHo/e€q. )
H e @
In accordance with the above expression dgr the elec-

Heree is the absolute value of the electron charge; the  tronic ratey, consists of the thermab(;l_;) and photo 6,2'7)
dielectric constantt, the average hydrogen concentration, contributions. The sumy= y.+ y;, is the overall rate of di-
N the total trap concentratioM, the concentration of com-  electric relaxation. Its inversg™* is the characteristic relax-
pensating passive acceptors, &td Syn, andS; are micro-  ation time of a macroscopic electric field due to the electric
scopic parameters characterizing the processes of thermal eggnduction.
citation, photoionization, and recombination, respectively.
The current densitieg, andjy,, related to electrons and pro-

Our aim is to describe the response of the crystal to the
spatially modulated light intensity. In this way we shall use a
number of approximations exploiting the smallness of certain
physical parameters entering the initial equati@hsand(2).

. d At the first step we assume the following conventional

Jn=eunHE—eDy —, (20 approximationd;10:16:29

(i) Linear approximation in the contrast. The higher

wherepu, , are the mobilities of electrons and"Hons, D, Fourier harmonics of the dynamic variables are supposed to
their diffusion coefficients, ang is the photovoltaic coeffi- be negligible in comparison with the fundamental compo-
cient. In accordance with Einstein relation, we hddg, nents. This means a representation of the variables in the
= uenksT/e, wherekg is Boltzmann constant an@ the  form
absolute temperature.

It is assumed in Eq92) that the electric field inside the
crystal has no spatially uniform component. The motivation
for this physical restriction will be given below in this sec-
tion. Mathematically, the above assumption means that the N*—Na=Ngek?+c.c.,
spatial average of the space-charge fiél), is zero. We
suppose also that the crystal is neutral as a whole. This

_ an
Je=e,uenE+eDeE+,8(N—N+)l,

E=Exe*?+c.c.,

means that the spatial averagll™ —Na+H—Hg—n) is H—Ho=He*?+c.c.,
zero.
It is important to take into account that in all actual cases kg
the concentration of free electrons is much less than the con- N—nNo=nyxe™"+C.C., (4)

centrations of filled and empty traps. This means, in particu-

lar, that the thermal and photoexcitations affect the uniformwhere “c.c.” means the complex conjugate. In general, ne-

parts ofN* andN—N™ negligibly. Below in this section we glect of higher harmonics imposes some restriction on the

provide the reader with numerical estimates justifying thiscontrastm.

assumption. The spatial averagig=(N*) and Np=(N (i) The temporal derivativeng /4t in the third equation

—N™), i.e., the concentrations of acceptors and donors, aref the set(1) is negligible in comparison with the terny / 7,

important characteristics of the crystal. For LiNp@sually  coming from the right-hand side of this equation. This so-

Np<N,.30% called adiabatic approximation exploits the smallness of the
Now we can introduce a number of important physicalelectron lifetime as compared with the characteristic relax-

parameters characterizing the electron processes proceediation times. Usually, this requirement is fulfilled with a large

under uniform illumination. These parameters are the elecmargin of safety.

tron lifetime 7,=(S;N,) %, the light absorption coefficient (iii) The amplitudeny appearing in the first of Eq$l) is

a=SNpfiw, wherefw is the energy of a light quantum, negligible in comparison with the amplitudés; andHy .

the rates of thermal T) and photo(ph) excitations,g”  This approximation is also well justified since it also makes

=S5:Np and gP'=al,/%w, the total rate of excitationg, use of the smallness of the electron lifetime.

=g'+gP" the average electron concentratiog=gg7e, Under these approximations we obtain from Eds.and

which consists of the thermal and photonic parts; and last(2) the following closed linear set of evolution equations for

the photovoltaic field EF,\,:,G'IOND/e,uvengh the amplitudesN; andHy :
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Here v, is the protonic rate of the dielectric relaxation, in-
troduced earlier, and= yo(1+K2L3) ! is the renormal-
ized electronic rate with the electron diffusion lendth
=(De7e) Y2 The dimensionless parametefs,, and the ef-
fective driving forceFy , entering Eqs(5), are given by

relaxation rates, s-!

h
_E_. Epv Na 76

N . 24 2.8

£e= Eq : Eq N 7' 2.0 32
1000/ T (K)
ghzﬁ & FIG. 2. Arrhenius plots for the dielectric relaxation rateslid
Eq Ho lines) and for the ratioy_Ho/N, (dashed ling
Fr=—i = Ny EpvtiEp (6) +iEp, whereas the, factor is proportional tEpyyys

2 e Eq 7 +iEp. This distinction is important for high-temperature
photorefractive phenomena.

Our subsequent considerations are based on the simplified
afevolution equations5) and the relation$6) and (7). At the
same time, the temperature dependences of the rate coeffi-
cientsy,, ygh, andyg, entering the basic equations, carry a
great deal of additional information on the high-temperature
recording and relaxation processes.

whereEp=KkgT/e andE =eN;/epeK are so-called diffu-
sion and saturation fields, aml=NaNp /N is the effective
trap concentration. The introduced notation is convention
for the photorefractive areX.

With the last of the above approximations, the field am-
plitude E is expressed algebraically by the SINJi +Hy :

Ng +Hg

EK:_iEq Nt

()

C. Material parameters

Fixing-related phenomena deal with a considerable num-

Note that the value ofE| may be measured directly by ber of material parameters. Some of them are known fairl
means of Bragg diffraction of light from the refractive index 1al p ; ' . wn Tairly
well, whereas information about some others is very scanty.

g::t;ir;]% (,:P l;?: ctvrv cl)t_ggzi gfrfaet::?g_r?]fi Str:: ;ﬂ?iﬁ:bﬁﬁ;ﬁfgg V'%0n the other hand, relations between the material parameters

of prime importance in our theory. essentially define the character of high-temperature photore-

. . . fractive effects.
The structure of the syste(B) is worthy of attention. It is . . .
seen that the protonic component is not driven directly, but Itis well established nowadays that hydrogen iorisdte

only via the electronic one. This is due to the protons bein e_sponsible forggg compensation_ of the electronic charge in
optically passive. The renormalization of the dielectric relax-, INbO3 c,}lrysftals.* lggi c?vnlcglr;trat@sn gfhhytdrogeH,ot, VaE
ation rate related to electroifse., the replacement of, by Ies usualy fromr= 1o cm -. The temperature de-
%.) does not affect the structure of the $8t. Furthermore, pendence of Fhe mobility.,, has been investigated in a num-
this renormalization is always very small. In what follows, ber of expen_merjtal Papers, §ee’ e.g. Refs. 14_’ and 28. It
we ignore the difference betweén and y, in Egs.(5). obeys an activation lavgn=uy eXp(—en/keT), typical for
The dimensionless parametes, are small in most ac- hopping ion motion. The activation energy, in LiNbO4
tual cases},|, £&,<1. The terms including these parameterscryStals varies usually from 1.1 to 1.3 eV; |n.the case of
are, however, indispensible in the governing syst&imbe- Fe-dop%d_ sampleshzl.zoev. 'I;)he preexponential mobility
cause they form its structure. It is obvious, in particular, thaf@Ctor up, is expressed g8, =eDy/kgT "g'th a virtually con-
Egs. (5) have no stationary solutions if the parametérs s_tant preexponeontlal diffusivity factdpy; accordlng to the
are omitted. One can say in advance that the smallness &terature dataDy ranges from~10"* to ~1 cn¥/s in bulk

é.n predetermines many essential features of highcrySta|S%4’28

temperature photorefractive phenomena. The above data allow us to estimate the temperature de-
The parameteé, is generally complex; its imaginary part pendence o_f the ionic relaxation ragg. Line 1 in Fig. 2 is
is due to the photovoltaic effect. As was mentioned, inthe Arrhenius plot of y, for Hy=3x10"%cm™3 e,

LiINbO; crystals we haveNp<<N so thatN=N,; in what
follows, we put for simplicityN,/N=1 in the relation(6)
for &.. The expressions fof, and F¢ both come from dif-

fusion and photovoltaic contributions. The photovoltaic

share in¢, andFy is, however, different. The driving force
F¢ is proportional to the effective driving fiel&;=Epy

=1.2eV, D)=0.3cnf/s, and the dielectric constant of
LiINbO3, €=30. It is seen that within the temperature inter-
val 50—300 °C the rate, ranges from~10"°to ~10% s L.

Concerning the electron transport, the accepted one-trap

model is well justified for LiNbQ crystals doped with Fe or
Cu3"3n the first case, the ions Fe and Fé* serve as
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donors and acceptors, respectively. For Cu-doped crystals We shall see in what follows that the thermal electronic
these are Cliand C#*. In both cases one can accept usu-contribution is of prime importance for the high-temperature
ally thatNp<N. The effective trap concentratidty=Np is  domain. Line 3 in Fig. 2 shows a representative dependence
typically of the order of 18 cm 3, i.e., it is either compa- ¥e(T). It has been chosen to explain a great body of accu-
rable or less than the hydrogen concentratin Increasing mulated experimental data on the kinetics of the high-
Np results in an undesirably strong light absorption, whereagéemperature recording and relaxation processes in LiNbO
decreasingNp to ~10'7 cm™3 makes the accepted model S€€ Secs. IV and V. The value taken of the activation energy

e T e i
hardly reliable because of uncontrollable defects present i €e=1.4 eV. Within the whole temperature interval, the
LiNbOs. thermal component of the electronic conductivity is small in
The photoelectric properties of LiNk@rystals have been C€omparison with the protonic conductivity.
mostly investigated at room temperatdfdt is established
that the photovoltaic transport dominates for Fe- or Cu-

doped samples. The photovoltaic constant may be estimated

as B~0.5x 10 %8 cm®/V. The productu,, ranges usually The above information and assumptions on the relevant
from ~10 12 to ~10 13 cn?/V; correspondingly, the pho- material parameters enables us to make a number of numeri-

tovoltaic field Epy varies from~10' to ~10% kv/cm. In cal estimates to justify the approximations made earlier and

spite of rather low values of the.r, product, the photocon- to gain an overall view of the subject.

ductivity at room temperature dominates over the dark con- ]_et us estlm_ate first the ChaLaCte”St'C dlffus_|0n and satu-
o . . ration fieldsEp=KkgT/e andE;=eN;/eegK, which do not
ductivity already for very low laser intensity q

(<1 mW/cmz)..For light intens'itylo~' 10! W/cr.nz, typicahl ?fgggg%e, Ifftrgg%(tfoT7p§rfnafgrzr?§‘:ﬁ2d§rgf§% ?S:%
for 9\2/ expserlfr;ents, the dielectric relaxation rat@ =27/K=1um, we obtain Ep~25kvicm and E,
~107°-10" s ] =500 kV/cm. At this temperature the photovoltaic fiéld,,
The temperature dependence of the photovoltaic constapinges presumably between®lnd 16 kv/cm: roughly, it
B, as well as of the !ight absorp_tlon coefficient is rather g comparable WithEp. The ratio Ep/E, equaIsKZRﬁ,
weak. At the same time, according to Refs. 36 and 40, th?vhereRdz(eeokBT/NteZ) 12 is the Debye screening length.
photoconductivity(i.e., the ue7e produc} is thermally acti- According to our estimates fdp andE,, we haveKzRf,
vated with an activation energyf"=0.16 eV. Similar infor- 192,
mation may be extracted from the experimental data of Ref. The electron diffusion lengthp= (D7) Y2 may be esti-
13. Note that a temperature dependence of the photocondugrated using the data on the,r, product. Assumingue7e
tivity with an activation energy2"=0.1-0.3 eV seems to be =10"12 cn?/V, we getLp=20 A for 200 °C. Because of
typical for many ferroelectric& Usually, it is explained by the square root law, this estimate is not very sensitive to
the thermally assisted small polaron conductfioi® An al-  variations of theu7, product andr. The characteristic pho-
ternative mechanism is associated with the spatial modulaevoltaic drift lengthL py= ue7.Epy is typically less than 1
tion of the bottom of the conductivity barfd.The micro-  A.
scopic  mechanism of the thermally activated To justify the neglect of the derivativén/dt in Egs.(1),
photoconductivity is irrelevant for the purpose of our studies.one should make certain that the lifetimgis much shorter
Line 2 in Fig. 2 shows a representative temperature dethan the relaxation timey 1. For the accepted values of
pendence of2". We have takemP"=0.15 eV and chosen a crystal parameters and the data of Fig. 2, we obtgip
reasonable experimental value g@h for room temperature. <108 So the above adiabatic approximation is justified
One sees that increasing the temperature from 20 to 200 °perfectly well.
increases/?" (and, consequently, decreasgs,) by approxi- Our neglect ofnk in comparison withN; andHy in the
mately one order of magnitude. first of Egs.(1) also implies the smallness ef. To estimate
Direct measurements of the electron mobility are ham+oughly the rationg /N , it is sufficient to notice thahy
pered by its low value. One can expect that for room tem-=<g,, and to take that the space-charge amplitadg cor-
perature u,=<10"? cn?/V's. The electron lifetime, which responds to the characteristic fidlg . For the light intensity

D. Numerical estimates

q:

corresponds to this estimate, is of the order of #s. lo=1 W/cn? and the accepted values of crystal parameters,
Very little is known about the electron component of the the rationK/N; does not exceed 10.
dark conductivity,epeng=eue7eStNp, for LiNbO; crys- The renormalization of the electronic relaxation rate in

tals. One can say with a fair degree of confidence that withinegs. (5) is negligible wherKZL%< 1. SinceLp~ 10" A, this

the temperature interval 20—200 °C this component does n@hequality is fulfilled perfectly well even for a grating spac-
exceed the conductivity of Hions. It is clear from general ing A comparable with the light wavelength.

considerations that the thermal electronic conductivity is Neglect of the higher Fourier harmonics of the dynamic
thermally activated. The corresponding activation enerfy variables(the linear approximation in the contrast) has
consists of two contributions related to the rate of thermalenerally no strong safety margin. It should be understood,
excitation of electrons from deep trafs and to thew7e however, that allowance for higher harmonics cannot change
product, respectively. One can expect that the first contributhe structure of the left-hand side of the simplified equations
tion can hardly be less than 1 eV. So we can accept that thg), which, actually, is the fingerprint of the theory of high-
rate y., related to thermal electrons, is proportional totemperature photorefractive processes. Corrections for higher
exp(—e4/kgT) with e2>1 eV. harmonics could merely give a renormalization of the driv-
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ing force F¢ in the right-hand side of Eqg5). As long as comes from both factors entering expresd@nfor I'g. Put-
Ho=N;, this renormalization is numerically small even for ting y, or y, equal to zero in this expression turhg to
m=1. Anyway, decreasing suppresses strongly the effect zero.

of higher harmonics. The slow rate is generally complex. Its real pBft, pro-

The assumption of a zero uniform component of the elecportional toK2R2, characterizes the ambipolar diffusion of
tric field, made in Sec. Il A, may be justified as follows. If electrons and protons. This diffusion is slowed down because
the photovoltaic effect is negligibl&p,<Ep, this assump-  of the electrostatic attraction of the opposite charges. The
tion corresponds to the case of zero applied voltage. If wemaginary par™ is due to the photovoltaic effect.
haveEp,=Ep, it corresponds to the so-called closed circuit  To analyze the temperature behaviolgfs, we consider
regime, which provides for optimum conditions for photo- separately the cases of dark,£0) and light-induced I,
voltaic charge separation and, furthermore, is most typical: 0) relaxations. The light-induced relaxation may be related
for experiment®*® The role of the photovoltaic fielpy is  to the transient recording stage and also to developing or
similar here to the role of a strong applied field. In such adecay of a recorded grating under uniform illumination.
way, the above assumption incorporates most actual situa- | et, first, 1,=0. In this case we have,=y. and I'?
tions for experiments with LiNb@crystals. =0. Within the temperature range wheyg> vy (in Fig. 2

Finally, let us estimate the values of dimensionless pasig is, actually, the whole regidywe obtain, from Eqs(9),
rametersé, , entering the simplified equation(®). For N,

=5x10" cm 3, A=1 um, andT=200 °C, we have, in ac-
cordance with the previous estimatg$=Re &=5x10"3.

Only for an extremely small effective trap concentratn  The temperature dependencesIgf and ' are obviously

7 -3 g H . H . .
=10"" cm® and very small grating spacing<1 um may  thermally activated and characterized by the activation ener-
the real part ofé, approach 1. The value of’=Im &, is fgiesgh ande], respectively
e :

strongly dependent on the temperat#re.TIn the region of su Let now 1,#0. In this case, two temperature regions are
.. " !

f|C|e,ntIy low temperature, whereyg'=ye, we have&s  of main interest. In the high-temperature limit, wheyg

= ¢, . IncreasingT results in a decrease &y and, vthat is >VZ> 72h (in Fig. 2 it corresponds toT=160°C), the
more important, in a sharp decrease of the rafltfye ; see _imaginary part of's is negligible and’; s are given again by
also Fig. 2. For this reason, in the high-temperature domalrEqS' (10). In the low-temperature limit, Wheregh> )’h,)’l

Ti=vn, De=ylK2RI(1+N,/Ho). (10)

whereyE"<yg, the parametet is nearly real &o<¢, . (it corresponds tar=<80 °C in Fig. 3, we obtain
The dimensionless parametgy is always real. Sincé\,
=H,, we have{,<1 even with a larger safety margin than o=+ T’=~ K2R2(1+N./H
for é_é f=Ye s s=7h al t/Ho),
ng_KMhEPVHO/Nt' (11)

Ill. FAST AND SLOW RELAXATION MODES

! n
Within the approximations made in the previous section,Th_e temperature dependenced i I's andT's are charac-

the dynamic variables have only two degrees of freedom anffized by the activation energie§”, &, ands,—el", re-
they are governed by the second-order linear equatins SPectively. It is likely that in this limit we havel'g|>T'¢.
This linear set may be characterized by two relaxation mode&his means that instead of the relaxat®mode one should
(fast and slowand, correspondingly, by two relaxation rates Speak of a weakly damped propagating space-charge wave
I'y andT'5."102%31 T find these rates, we plit,=0 and  With eigenfrequency- I';. The presence of such an eigen-
N,{, Hyxexp(—Tt) in Egs.(5). After that we arrive at the mode may, as known, result in interesting resonance phe-
following algebraic system foN,; andHy: nomena when the crystal is exposed to a running light pat-
tern instead of a standing ofi&* Unfortunately, the low
values of the eigenfrequency hamper the performance of
resonance experiments.
Figure 3 shows the temperature dependencds;ofl’;,
YN +[ =T+ yp(1+ &) JHc=0. (8)  andrI'Z, in the dark and under illumination, within the whole
interval 20 T<300 °C. It is assumed that the grating spac-
The condition of solvability of this system gives us two so-ing A =1 um, N,=5x 10" cm 3, Ho=3x 108 cm™3, and
lutions for the ratd”. Since|&.n|<1, it is sufficient to find £, (20 °C)=60 kv/cm; the values of,, y!, andy2" cor-
these solutions in the leading approximationstify, - After  respond to Fig. 2. It is seen that the valueldfis not prac-
simple calculations we obtain tically affected by light. The imaginary part of;, related to
the photovoltaic effect, is nonzero or:}ly uTnder illumination.
Ye¥h In the low-temperature region, whesd™ y,. , v, , the ratio
Fi=vetmm, T's= Yet ¥h (&et &n)- ©) I'¢ /T, is strongly increasing with temperature.
It is possible that for short grating spacings§<€1 pm)
These expressions include a great deal of information abownd a small effective trap concentratidd, € 10*’ cm™3) the
fast (f ) and slow 6) relaxation processes. The fast réte  photovoltaic fieldEp, becomes comparable witg, in the
is simply the overall rate of the dielectric relaxatiopnThe  low-temperature limit. In this special case, the expression
smallness of the slow rate in comparison with the fast oné11) for T'; has to be replaced by

[—-T+ ')’e(l"'fe)]le"' YeHk=0,
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T (°C) IV. HIGH-TEMPERATURE RECORDING
300250 200 150 100 50 20 S ,
10°F T T T T 3 A. Characteristic field amplitudes
LR The recording stage corresponds=g+ 0 and zero initial
b 10 22.1 1 conditions forNy; andH in Egs. (5). Using the standard
G 3. r” Laplace transformation, one can easily find the dependences
2 5 - Nf{(t) and Hg(t) and calculate then the field amplitude
c 10°[ S Ek(t) from Eq.(7). As follows from the structure of Eq$5)
% and the results of Sec. Ill, the amplituéigg may be repre-
8 .l 3 el 1 sented in the form
9 10
14 -
Ex=Ei(1-e 'h+E(1—eTsh, (14)
10° ;18 212 216 310 34 whereE; and E are the components of the stationary am-
1000/ T (K) plitude Ex (), related to théf ands processes. The compo-

nentE; may be named the quasistationary amplitude because
FIG. 3. Temperature dependences of the fast and slow relaxhis is the value oEg(t) achieved, actually, by the end of
ation rates. Curves 1 and’ kcharacterize the fast rafg; under the fast stage and varying afterwards very slowly. The com-
illumination and in the dark, respectively; the coinciding curves 2ponentsE; ¢ have to be calculated in the leading approxima-

and 2 show the real part of the slow rale;, irrespectively of  tion in e - The final result forEf'S andEyx(«)=E{+E,is
illumination, and curve 3 corresponds to the imaginary gt

under illumination. m 0N
Et=7 Eerr 5
O - (12)
S 1+EHER, E_E (Yhén— vebe)

) ] o ) s Ye(Eetén)
It should be kept in mind, however, that the initial simple
model for electrons can hardly be justified fdéy well below m ygh 1
10t cm3, Ex(*)= 7 Eef Ve 1T ETE (15

The algebraic systert8) not only allows one to calculate ) . ' o .
I'; ¢ but also to find out the relations between the amplitudegVhereEeq=Epy+iEp is the effective driving field. The re-
N,. andH for thef ands modes. By combining any of Egs. lation for E; has a simple structure and clear meaning. This

(8) with the explicit expression®) for T'; andT s, we obtain is the field amplitude resulting from the balance between the
S diffusion and photovoltaic electronic currerftghich are the

cause for charge separatjoon the one hand and the elec-
tronic and protonic Ohmic currents on the other side. The
quasistationary amplitudg; has nothing to do with the sub-
Hi=—(1+&ve/y—&nvn/ y)Ng=—Ng (s mode. sequent slow process of charge compensation.

(13 The expression foE; is far from trivial; it requires some

comments. In the high-temperature limit, whefe> y2" and

H.?Ece thle fast rella:<at|on brings che s;f/sterr.lt'qwckl)é toa s;atge is actually real, the amplitudés can change its sign as a
with nearly compiete compensation of positive and negativ, oo of T, Changing the sign oE./E; from positive to

charges. As we shall see, the obtained qur matlo_n abput thﬁegative means that the kinetics |&«| changes from mo-
f and s modes is highly useful for dealing with high- . . 1
notonous to nonmonotonous with a maximumtatl'; =

temperature recording and relaxation processes. . . .
. - .. Using Eqs(3) and(6), one finds that the critical temperature
Let us compare the above theoretical predictions wit _ defined by the conditiorE,—0, meets the equation

available experimental data. Direct observations of the fas T o .

and slow stages of the dark decay of a preliminary recordedh/Ho= ve/Nt, which is equivalent to

grating and direct measurements of the relaxation rBtes o nTIN

were reported for the temperature interval 144—168%¢. #n= pefo/Ni= pteTeSr (16

These measurements have shown thagtI' with the fast The solution to this equatioriif it exists in the high-

ratel'; practically independent of the grating spacing and theemperature regigndepends on neithdd, nor N,. It char-

slow ratel’sxK2. Both relaxation constants were thermally acterizes therefore some fundamental relation between the

activated. The measured activation energies forftlads  electronic and protonic conductions. According to our as-

processes were;=1.1eV ande,=1.3 eV, respectively. sumptions,el>sh. This means thakE is of the same sign

The smallest detected values Bf were of the order of asE; for T<T, and of the opposite sign foF>T...

107° s™L Similar experimental data were obtained more re- In order to explain an appreciable amount of accumulated

cently in Refs. 25 and 29. experimental data on LiNb{krystals(see below in this and
One can see that the above experimental data fit well thaext sectiong we takeT.=200 °C. This critical temperature

theoretical predictions and, in particular, the expressi@s  corresponds to the intersection point of the lines 1 and 4 in

for I't . The experimental activation energies and e Fig. 2. Some theoretical justification of the assumption made

have to be identified witle,, ande/, respectively. may be done using the following simple model expressions

Nk ¥n=Hkve (f mode,
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T (°C)
350300 250 200 150 100 50 20
5 1.0 T T T T T T T
©
_Q 08} B
w
os} ] (a)
o
;m 04l E, (20°0)=0
02 i
0.0 L L L
3
G{ 1.0 T T T
~
w osl ]
os} . (b)
-
u\_J"' 0.4 EPV (20°C) = 15 kV/iem E
FIG. 4. Kinetic plots ofl Ex(t)| in the high-temperature region, o2r i
yl> 72". The crystal parameters are the same as for Figs. 2 and 3. . . .
(@ T<T., yeHo=ynNy/2. The solid curves correspond to record- 00
ing and the dashed ones to the following relaxations for two differ- 10
ent recording times. Details of tHestages cannot be resolved with
this time scale(b) The same folf>T,, vy Ho=3y,N,; the inset 08l
shows in detail thé stage of the first relaxation process.
06
for n and we: ni=Np exp(—z,/ksT) and ue=pJ exp ™ E,,, (20°C) = 30 kviem (c)
(—&,/ksT), wheree,+ 8#=sl—. With these expressions we ~— w* % I
have, from Eq(16), o2
T
€ &p
Te (17) 0%.6 20 24 28 32

kg (LY

If we takesl—shzo.z eV, we find out that the temperature
T.=200 °C corresponds to the ratio of the mobility preex- FIG. 5. Temperature dependences of the rig/E|, charac-
ponential factors,ugluﬁwloz, which is consistent with the terizing thef a_nd_s recording stages, for three different values of
microscopical models of electron and ion transport. the photovoltaic field at room temperature.

Figures 4a) and 4b) illustrate the kinetics ofE| for T Figure 5 shows the temperature dependences of the ratio
<T.andT>T.. Thef ands stages of recording are well |E_/E,|, given by Eqs(15), for three representative values
pronounced. The change k| is relatively small(and  of the photovoltaic field at room temperature. One sees that
comparatively slow during thes stage. In this connection irrespectively of the value oEpy this ratio turns to zero at
the quasistationary valug; is sometimes mistaken for the T=T.=200 °C, which corresponds to the above-discussed
stationary one in experimental studies. high-temperature peculiarities of the recording kinetic. The

Let us turn to experimental facts on the recording processecond noticeable minimum &t=140 °C is pronounced
supporting our value of .. The occurrence of slow and fast only for a sufficiently weak photovoltaic effect. At this mini-
stages of high-temperature recording in LiNg®ystals was mum we haveHqy2"=N,y,. For T<100°C the ratio
recognized early:’ It was found forT=176-180°C that |Es/Es is near 1.
after a fast initial saturation of the amplitudg«| its slow In the temperature region whe@< ygh (T<150°Cin
growth persists. Unfortunately, experiments in this temperaFig. 2), Egs.(14) and(15) admit oscillations of Ex(t)| dur-
ture region were hampered by fluctuations of the position ofng the s stage of recording. These oscillations are pro-
the light fringes during long-term recording. Measurementsounced forEp>Ep; their relative amplitude depends
in the high-temperature region=180-300 °C have been strongly onT (see Fig. & This temperature dependence cor-
performed more recentf/. They have shown that fof  relates with the dependenf®/E¢|(T) in Fig. 5. We do not
>230 °C, the field amplitudgE| experiences a pronounced know of any experimental confirmation of this prediction of
maximum after thef stage, whereas below 200 °C this pe- the theory. The main difficulty for the detection of the pho-
culiarity is absent. tovoltaic oscillations comes from their low frequency.

1000/ T (K)
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25 - - - . - we shall see in Sec. V, the characteristic features of the sub-
, sequent relaxation processes. Assuming that the recording
20k § process is long enough to produce a strong charge compen-
sation, we obtain, in the leading approximatiorgjy, for the
= 15t (a) ] value of compensated charge,
=, ph —T'gt
~ e M Ye Egp(1-e7E)
LAX 1.0F b HK— NK—I gNtZE_q—fe‘i‘fh (19)
05t - As for the value of noncompensated charyg,+Hy , it is
fully characterized by Eqg7), (14), and(15).
0.0 . . . . . Now we specify the expression “sufficiently long record-
0 1 2 3 4 5 ing time.” Using Egs.(18) and the above relations fo¥; ¢,
. . . ' ‘ . we find out easily that the condition for strong charge com-
pensation|Ny +Hy|<|Ng|,|Hk/, is fulfilled for the record-
8 | ing timet> ygl. The asymmetry between electrons and pro-
tons stems from the fact that protons are optically passive. In
6 1 the temperature region whep@“< v, (T=130 °C in Fig. 2,
3 b the restriction on the recording time is equivalent to the
L ®) | inequality t>I';1. In the opposite casey.=7y2" y,
} (T=100 °C in Fig. 2, the recording time:, needed to reach
- the compensation, is much longer tha,ﬁl, which, in turn,
2t ] is much longer than the duration of tiiestage of recording,
1"{1. This restriction ort is very hard for experiment.
0 , , . . The overall picture of charge separation during recording
0 1 2 3 4 5 looks now fairly simple. During the fast stage, which ends up
r't by t:(2—3)1“f‘1 without any strong charge compensation,

the field amplitudeEy approaches its quasistationary value
FIG. 6. Oscillations of Ex(t)| during thes stage of recording E;. The subsequent long and slow evolution Bf(t) is
caused by the_ photovoltaic effect. Tkle crystal parameters are thgccompanied by the accumulation of the “hidden” charges;
Za;ng))arseffg:ti'_?i 1255“;‘:15'S&E’f?esgecgse@/_lcm' Casedd g accumulation saturates only for(I'))~">T' ™. The
change ofEx during thes stage is exclusively due to a
noncomplete charge compensation for thmode; see Egs.
_ ) (13). This change is proportional to the siMg +Hg, i.e., to
In fact, the above results on the field amplitude do No%ne combinationy,&,— yeé.. This explains the structure of
fully characterize the recording process. An important piecgpe expressiolil5) for Es. It should be remembered that the
of information concerning the amplitudes of electronic andgependenckE, (t)| may look apparently saturated after the
protonic gratings is still missing. We refer M as the am-  stage of recordingsee Figs. 1 and)2however, the accumu-
plitude of electronic grating because the spatial modulationgtion of the compensated charges still persists.
of N™ is produced by trapped electrons. Let us analyze finally the temperature dependence of the
To characterize the amplitudé$ andH,, we decom-  maximum value of compensated charge, which is achieved at
pose them intd ands parts by analogy with Eq(14) for  the end of thes stage of recording. In the high-temperature

B. Charge compensation

Ex: limit y2> 2", we have, fol't=2-3,
NE=N;(1-e "M +NS(1—e T4, m 8" [Eerl NiHo
|HK(°°)|=§—TE—DN Hy (20)
He=H{(1-e Tt +H(1—e T. (18) e !

This value, as well as the expression f&i ()| [see Egs.

The corresponding components of the stationary amplitudeﬁs)], includes the factorygh/ 7; sharply decreasing with

i . .
N¢s andH; ¢, are coupled with each other by the relat'onsincreasingT. In the low-temperature limit, Whemgh> y;

obtained in  Sec. . : Nf:”h:HfVe and Hs=—(1  \ye have|Hy(s)|=mN/2, which is much higher than the
t&e¥el v—&nvn/v)Ns =—Ng . Furthermore, one can find yaiue given by Eq(20). Curves 1 and 2 in Fig. 7 illustrate
out algebraically from Eqs(5), (8), and (18) that N{  the temperature dependence of the ratiel Z=)|mN, for
=Ng I'sye/Tyn andH;=—HJI's/T'¢. Obviously, we have Ep,=0 andEp,(20 °C) =60 kV/cm, respectively. It is seen
[H:|,IN{|<|Hg|=|NJ|. This means that sufficiently long that the positive influence of the photovoltaic effect is no-
recording results in nearly complete compensation of electiceable, but not very strong. A sharp decrease Tor
tron and proton chargebl,=— N . Such a charge compen- =170 °C remains the most prominent feature of curves 1
sation is the essence of fixing during recording. and 2. Curve 3 in Fig. 7 is plotted foEp,(20 °C)

The value of the compensatédidden charge is an im- =60 kV/cm and neglecting thermal electrons. The decrease
portant characteristic of the recording process. It defines, asf |Hy ()| in the high-temperature region is comparatively
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T (°C) 4-5 in Fig. Xa). Often, developing experiments are per-
250 200 1%0 100 formed at room temperature after a high-temperature fixing
100 f-- procedure.
2 - The term decay is usually referred to decreasing ampli-
1 tude |Eg| during relaxation(fast or slow. The decay may
i occur under illumination or in the dark, and it is depicted by
segments 3—-4 and 5-6 in Fig(al and segments 1-2 and
TE =0 3—?r in Fig. Ip). The reciprocal raFe of slow relaxa}tion
2 E:(zo.,c)=60 KViem Iy (_T), taken in the dark, chargctenzes the storage time _of
3.y,7 =0, E_(20°C)=60 kViem the f|?<ed holograms as a func_tlon of the tem.pera.tur?. This
time is much longer than the dielectric relaxation time
=t
8 20 22 22 26 28 In contrast to thes stage of recording, the amplitude
1000/ T (K) |Ex(t)| cannot experience any oscillations during fhetage
of decay under illumination in spite of the presence of an

FIG. 7. Temperature dependences for the amplitude of the promaginary part ofl's. It is so becaus¢Ey|cexp(—T¢t) at
tonic gratingH (). Curves 1 and 2 are plotted for the photovol- {hig stage.

taic field Ep,(20 °C) equal to 0 and 60 kV/cm, respectively, and the Let us suppose that the initial Valueb{(O) andH(0)

prTe_vious values 01: thia crystal parameters. Curve 3 is obtained fo[rand consequentlg,(0)] are known for a certain relaxation
7e=0 andE,y(20 °O=60 kvicm. process. In this case, in addition to the values of the corre-
ﬁponding relaxation rate$’s 5, the field amplitudeE,,
a}chieved after the fast stagé{=2-3), is the most impor-
fant observable characteristic of the process under study.
This amplitude corresponds to the points 3, 4, and 5 in Fig.
1(a) and to the points 1 and 3 in Fig(d). It depends gen-
erally on the initial conditions and the type of relaxation
ocess.
Using Egs(13) to link H; with N;” andHg with N_ , the
obvious conditions Hc(0)=H;+Hs and Ng(0)=N;
ﬁrN; , and Eq.(7), we get the following general relations:

~ 10 -

2H () [mN

R
T

weak in this latter case. The difference between curves 1,
and curve 3 makes clear the negative impact of the therm
excitation on high-temperature recording. The fact of
strong decrease of the efficiency of recording for
=170 °C is known from experimeht’ and provides addi-
tional support for our model.

It should be emphasized that decreasing temperature nd
only results in increasing the stationary amplitudg (o),
but also in drastically increasing the timel'{/needed to
build up the protonic grating; see, e.g., Fig. 3. For this reaso
some trade-off should be between the high value of accumu-

+ f—
lated charge and a reasonably short recording time. Experi- NF= 7hNk (0) ~ 7eHk(0) ,
ment shows that the optimum temperature for fixing is about s Y
170 °C in the case of LiNbg>’ which is in harmony with .
our theory. _ - N
u Yy E5=|Eq (yhghyyege) N_s 22)
t

V. RELAXATION PROCESSES The values ofy, ,, and ¢, , correspond to the relaxation pro-

A. General observations cess under study.

The case of strong charge compensation in the initial state
S[N,E(O):—HK(O)] is worthy of particular attention. We
have hereNJ =N (0) and

The recording stage is followed by relaxation processe
These proceed in spatially homogeneous condifjaaso ef-
fective driving forceFy in Egs. (5)], either in the dark or
under a uniform illumination. It is clear that any relaxation "
process consists dfands stages. The field amplitude.(t) E.~iE (7nén— Yeée) Nk (0) ] (23)
may, then, be represented in the form s Y Nq

Equation (23) shows that a relatively small variation of
N (0) [andHg(0)] gives rise to a small correction &.
Analogous expressiorisvith the amplitudesN; s and H The corre'spo.nding' change in. t'h'e initial field amplitude
coupled by Eqs(13)] are valid forN, (t) and H’K(t). Ex(0) (which is defined by the initial value of noncompen-
Thess stage of any relaxation process always means deca3?€d char@e&an_, however, be very strong. As for the above
of the field amplitude. After completion of this stage any relation forNg , it is quite obvious, because the amplitudes
spatial inhomogeneity of the charge distribution has disapNk andHx=—N decrease considerably only during a long
peared. As concerns the fast stage of relaxation, it can resuitne comparable with the valueIl{ for the slow relaxation
in a decreasédecay, as well as in an increase of the ampli- process. During thé stage of relaxation, the compensated
tudeE, . The developing process is the best known and im{coupled charges experience no noticeable degradation.
portant example of the fast stage of relaxation. Developing As follows from these observations, we can use the same
means a considerable increase of the field amplitude undénitial condition to describe thé stage of a new relaxation
uniform illumination because of deterioration of the chargeprocess which follows the considered one. The number of
compensation reached after recording; see segments 2—3 afast relaxation cycles sufficient to decreds$g(0) may be

Ex=E;e 'f'+EeIs (21)
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!

estimated ad’¢/I'y, which is much greater than 1, espe-

cially in the low-temperature region; see Fig. 3. 300 280 260 240 Tz(zoc ) 200 180 160
The amplitudesNy and Hy attained during the high- 10 I ' ' ' ' T

temperature recording fae>1"; ! satisfy fully the require- {

mentN,; (0)=—H(0) imposed on the initial conditions for 08 r oo I

relaxation. If the initial amplitudell (0) andH(0) are not 21 %0

nearly opposite, they acquire this property afterftrstage of Dladl . .

the first relaxation process. An important example is fixing 8,

by means of recording at a low temperature with subsequent Em 04r

heating of the sample. Thestage of recording is not avail- 4

able at low temperatures, which means the absence of charge 02

compensation. The subsequdnstage of dark decay at an

elevated temperature produces such a compensation. 00— =5 25 > Y >3
The general view of fast relaxation processes is now fairly ' ‘ ] 0'00 P ' ' '

simple. If we have initially a fixed grating with strongly
compensated electron and proton charges, the field amplitude g5 g Temperature dependences of the rHEig/Ey ()| for
E, attained after the stage of a certain subsequent relax-gark (solid curve and light-induceddashed curverelaxations at
ation process is defined by the conditions of this process, of—1__. The photovoltaic fieldEp(20 °C) is 60 kV/cm.

more precisely, it is determinated by the value of the param-

eter &, yn/y—&eve/y for the corresponding mode. There- It is important to realize that the slow compon&ft,cJ),
fore, repetition of a sequence of fast relaxation processeggether withN/e, experiences saturation only foF &) ec
results in repetition of the corresponding valueskal. A =1 At the same time, the amplitudge® reaches its quasis-
can|derabIe degradauon_of fixing occurs after many relax’[ationary levelE,, already for {(t)..=2-3. This means
ation cycles. This essential feature of fixed holograms haﬁ1at the fraction of thes component of the relaxation

; 3

beeBneltsl)svmvc\)lgs;ratTd ;épegr::rr;g[zf'uati 483) to particular E./E°, grows strongly witht,... Mostly thef component

relaxation roczgg;s deg icted in ?:i 1 and dri)scuss the rh_aS to be present in the relaxation after an insufficiently long
P » 4€p 9. L, ?ecording; see also Fig. 3. Qualitatively, these features cor-

Iatlg?n(t:)g ttvr\:gecr:);Z?tighneso;gre:ggo(ig?ne“mdgcgIo ing, and deca respond to experimental data of Refs. 3 and 23.
9 pIng Y In the case of a stationary recorded grating €.

processes are often different, we use in what follows, wherl>1 we have in the general case
necessary, the indices “rec,” “dev,” “dark,” and “light” ' 9

to specify the process under study and its conditions.
Es _ Yh Ve §e (25)

ERq(>) v &
B. High-temperature relaxation <(2) 77 b

Let us consider the relaxation in the high-temperaturelNiS expression gives the maximum possible Tvalue of
limit, where y2"< I, ¥y, (T=160 °C in Fig. 2. In this limit, IEs/IhE[?ﬂ for the temperaturd. For Ho>N; and ye= 1y
a considerable lowering of the operating temperature i$>7e this ratio may exceed 1 in absolute value. This means
hardly possible during a time shorter than the longest charthat point 3 in Fig. 1b) may be higher than point 2.
acteristic time of the charge relaxation]"{/. For this reason Figure 8 shows the ratifEs/Ej’(>)| as a function off
we restrict ourselves to the same temperature for both theithin the interval 160-300 °C for dark and light-induced
recording and relaxation processes. The valydor the re-  relaxations and the previous values of the representative pa-
laxation process is nearly the same here in the dark and ufiameters. In the first case, the rafig/E,’(~) is real and it
der light: changes its sign from positive to negative with increaging
in full agreement with Eq(24). In the second case, this ratio
is complex because of the photovoltaic contributionéto
(24  ForT=170 °C this contribution is relatively small. It results,
however, in the replacement of the zero minimum value of
_ _ . o . . |Ex(t)| during thef stage of relaxatiofisee Fig. 4b)] by a
The sign of this expression coincides with the sign of_thesma” finite one. Starting froniT=175°C, the function
component&L®, characterizing the stage of recording. This |ES/ES%)|(T), given by curve 2, grows rapidly with de-
means that the grating amplituéig (t) changes its sign dur- creasingT owing to an increasing imaginary part &f. The

ing the f-relaxation stage foll >T. (see Sec. IYand re-  rate of this growth depends, of course, on the value of the
mains of the same sign far<T.. In other words, the pecu- photovoltaic field.

liarity of recording for T>T. should correlate with the
peculiarity of thef relaxation following the recording. This
is illustrated by Figs. @) and 4b). The predicted nontrivial
features of high-temperature behavior are in excellent agree- This process refers to the fast stage of light-induced re-
ment with experiment’ This is one more piece of evidence laxation at a low temperature. L&, lie in the intermediate-
for the participation of the thermal electrons in fixing-relatedtemperature region defined by inequaliti@$..<T. and
photorefractive phenomena in LINRO yph(Treg<yZ(Treg. This region is presumably 170—-180 °C

T
7hNt_ yeHO rec

E.=iEf ——M— .
S TP NHo(yt+ D) €

C. Developing
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150 DecreasingT,e. results in a sharp decrease of;.
Completion of thes stage of the recording procediing of

the hologram may become problematic for this reason.

=y
(=]
o

g

ws D. Low-temperature decay

z The process under study is the decrease of the field am-
L“' 50 plitude E¢ in the dark or under a uniform illuminatiofsee,

e.g., segments 3—4 and 5-7 in Fig. We restrict ourselves
to the same low-temperature region as in Sec. VC,

h

OF . : \ . s i 72 (Tded > ’)’l—(Tde&, Yr(Tded -

20 30 40 50 60 70 80 Let us assume first that the low-temperature relaxation
T., proceeds in the dark. In this case some decay of the grating

amplitude takes place during tliestage. Using Eq$15) and
FIG. 9. Dependence ¢EZ*VE[S] on the developing temperature (23), one can obtain for the case of stationary recording,
for a grating fixed previously up to the saturationTas=170 °C.  (I'gt)c=2-3,
Curves 1, 2, 3, and 4 are plotted fp,(20 °C) equal to 0, 12, 30,
and 60 kV/cm, respectively. Egec Tdec

EF T 29

and it is near the optimum for the fixing procedure in
LiNbO3. The developing temperatuiig;., is supposed to be
much lower tharT ;¢ SO thatygh(Tde\,)> Ye(Tae) h(Taen); SEE
also Fig. 2. In this case, we have from Eg3) the following
simple relation:

Hence some small drop from point 2 to 4 in Figa)lis
determined in this case only by the temperature ratio.

Itis useful also to link the amplitude&Z*andEZ". Their
ratio does not depend on the recording time and can be rep-

Hrec resented in the form
Ede—Ed —. (26
Nt Edev H. E
S _0 —eff (30)
It has been assumed that the grating amplitudé and EF® N Ep’

(Ng) "™ do not experience considerable changes during cool- ) ) ) S
ing the crystal down fronT .. to Tgey. According to Eq. The right-hand side of this expression is supposed to be

(19), the ratioHSYN, is taken at the temperatu®,.= T4e,- HENCE We have, as ex-
pected,| ES®|>|E®®]. Since the ratiol yeo/ Trec Varies within
HE  m Hy [ Ey . a narrow range of=0.65—-0.8, the dependentE®/E%*®q on
N T aaNn | ST ES] (17€ e (27 Tyecis not much different from the one given by E@8) and
! 0Tt Ye FD/ e illustrated by Fig. 9.

In accordance with this expression, a pronounced increase o[ The s stages of the relaxatiqn Processes fpllowing the
E9ev o 4 function oft... takes place for LINbQ crystals stage o_f dark dgcay or developing both result in decay of thg
dcs)ped with Fe and Cargec remaining grating to zero; see the segments 4-8 and 5-7 in

Let us find now the'ratichde"/E’eﬂ which characterizes Fig. 1(@). The rat.es of the.corresponding relaxations in the
the value of the jump from posint 2Kto’ 3 in Fig(d. Assum- dark and under light are given by Eq4.0) and (11) for T's

. . dr;, tively. A ding t del, h

ing a steady state fdE;c° (andH|® and using Eq(15) for and Ls redsaﬁ(ec vely. According fo our model, we have
: . - 7 (T')ighe=>T' . This feature was clearly seen in experiments

Ex (), one obtains the following explicit expression: s/1g S

with LiNbO; crystals carried out fol 4o =80-90 °C?%:33

EdeY %Y 4 The s stage of the light-induced decégee segment 5-6
fei = % o (28 in Fig. 1(a)] may be interrupted at a certain time moment by
Ex Eo” N switching off the uniform illumination. We return in this

. ev —deve —dev. case to thef stage of dark decay, that is, to a short-time
In the Iow-temperature. reg.|on, _usuﬂsgff ~Epy>E ) on increase of the relaxation rate. The value of the correspond-
the other hand, tk:je diffusion fielttp"=KKkgTrec/€ iS MOt jng drop of the amplitudéEy| is obviously relatively small.
much larger tharEg™. SinceHo=N, in LiINbO3, we have  jyst this enhancement of the relaxation rate by means of
|ES®>[ER]. In such a way, the field amplitude should ex- removing illumination was detected recently in Ref. 33. This
perience a considerable increase during development. Thigature was not, however, explained properly.
characteristic _feature has been observed in many Let us finally recall that the relation between thand f
experiments’:” %34 components oEy for a decay process depends significantly
Figure 9 illustrates the temperature dependence ofn the recording time. In the case of a short recording time
|EZ®VER] for different values 0Ep,(20 °C) on the basis of (T'(t),.c<1, the decay consists mainly of tHestage. This
Eq. (28). The decrease iEge" with decreasing temperature feature is illustrated by Fig.(4).
comes here from the decrease Bf,(T). Recall that the In many experimentkE2®] is much less thatEgq. 232433
ratio ES®/EIS® becomes smaller by a factor-lexp@d)cif ~ This means that the initial process of high-temperature fixing
the s stage of the recording process is not finished. was far from saturation.



12 804 B. I. STURMAN et al. 57

VI. DISCUSSION 33. Within our model this storage time is nothing else than

The presented theory has several remarkable feature@e rate of slow relaxatiori, -, taken in the dark. At room

which distinguish it from most previous studies. We havetémperature this time may be several orders of magnitude

used at a high degree the presence of small physical paraff"9e" than the dielectric relaxation tinig L For ttl3e grat-
eters, which determine the character of high-temperaturd!d SPacingA=1nm, T=20°C, N;=5x10" cm™?, and
photorefractive processes in LiNg@rystals. It has made it the data of Fig. 2, the storage time exceed$ W0

possible to focus our attention on key features of these pro- The mentioned conflicting estimations could be due to an

cesses and to describe them by fairly simple and gener&ffoneous identification of the storage time vv]“tﬁl. This
relations. misinterpretation may have its roots in a insufficiently long

Among the notions used, the most important one is théluration of the fixing procedure, which, in turn, is caused by
separation of the high-temperature processes into fast affictuations of the position of the light fringes. As we have
slow components. Systematic exploiting of this concept hageen, the dark decay exhibits mainly thetage in this case.
allowed us to characterize in detail the corresponding fasfin extrapolation of the data for the apparent decay rate to
and slow relaxation rates and to describe in a simple anfoom temperature has nothing to do in this case with the
general manner the characteristic grating amplitudes. storage time. . .

A remarkable feature of our treatment is that it is applied  The last point to discuss is at what extent the above theory
to a wide temperature region, which includes not only themay be applied to other photorefractive materials. The ap-
temperatures relevant for the f|X|ng phenomenon, but a|S§rQXImatI0nS used and the general relatlons Ot.)talne.d remain
the high-temperature domaifi=200 °C. Entering in this valid for many photorefractive ferroelectrics like LiTgO
domain has enabled us to reveal the competitive role of the®NbOs, and BaTiQ. Except for LINbQ and LiTaG crys-
mal electrons in fixing-related processes and to find distinctals, the photovoltaic transport may be regarded as unimpor-
tive manifestation of these electrons in the kinetics of recordfant, which simplifies the theory. As concerned the particular
ing and subsequent relaxation processes. features associated with the thermo activation dependences

We have used the whole spectrum of available experiof ¥, va. andy2", they may vary considerably in different
mental data on high- and low-temperature photorefractiveases.
effects in LiNbQ; to compare them with the predictions of
ou_r_theory. The mz_iin _result of such a comparison is a sur- VIl. CONCLUSIONS
prisingly good qualitative agreement for a variety of charac-
teristic features of recording, developing, and decay pro- Our analytical theory based on the conventional two-
cesses. This comparison has allowed us to estimate tigpecies equations for charge transfer in LiNtz@d the sys-
parameters which determine the contribution of thermal electematic use of small physical parameters allows for a simple
trons to charge transport in LINGO and general description of a variety of photorefractive phe-

Considerations of different aspects of high-temperaturéiomena in the wide temperature region 20-300 °C. Ther-
photorefractive phenomena have made it certain that th&ally excited electrons are shown to be responsible, not only
present level of measurements is still insufficient for a defor the dark decay of the recorded information, but also for
tailed comparison between theory and experiment. Espedistinctive features of the recording and relaxation process
cially this applies to the recording stage. In fact, the requireabove 200 °C. A good qualitative agreement between the
ment of stability of the interference light fringes during the theory and experiment is obtained for a wide spectrum of
slow stage of recordingvhich may last many houyss very ~ characteristics of fixing-related phenomena in LiNbGta-
hard for most experimental setups. Special provisions havbilized long-term experiments are needed to reveal fully the
to be taken to avoid strong distortions and noise because ¢otential of the thermal fixing for applications.
slow thermal and mechanical fluctuations and air convection.
There is real hope that implementation of the technique for
active stabilization of the light fring&3in combination with
a vacuum chamber will permit reliable and repeatable re- The authors are grateful to Professor L. Arizmendi for
cording experiment& useful discussions and comments. This work has been sup-

Our analysis of the different processes encourages us fmorted by Spanish Commission “Interministerial de Ciencia
touch the problem of the storage time of a fixed hologramy Tecnologia” in the framework of Grant Nos. TIC95-0166
Many conflicting judgements have been made to clarify thisand TIC96-0668, and by the European Community Contract
practically important matter; see, e.g., Refs. 2, 25, 32, andNo. CI1-CT94-0039.
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