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Thephotorefractie effectin variouscrystalsof LiINbO3 is investigatedn thepaper Theex-
perimentsverecarriedoutatroomtemperaturdy meanof set-upfor holographidnvestiga-
tion of photorefractie effect. Resultsof thetime dependencef intensityof diffractedbeams
measurementgive informationaboutcreationprocesf therecord. Suchmeasurementat
high exposuresverecarriedout andtheir interpretatioris presentedn the paper Theresults
of suchmeasurementsn samplesrom different providersindicatethe differencesamong
sampleswith respecto impuritiesthey contain.

PACS: 42.70.Ln;42.70.Nq;77.84.Dy;81.70.Fy

1 Intr oduction

The photorefractie effect (formerly referredto asoptical damage) hasbeenwidely usedin a

hugeamountof applicationdn various elds of engineeringsinceits rst obsenation[1] in the

beginning of the secondhalf of 20" century As examples,utilization of the effect for optical

datastorag€e[2—-5] andconstructionof optical modulatorg6] or Iters [7,8] canbe mentioned.
In publishedworks, this effect is describedusinga combinationof photovoltaic andelectroop-
tic effect [9]. Accordingto this conception,optical propertiesof materialare changeddueto

electrostaticeld formedin the crystalasaresultof redistribution of chaigedparticles.This dis-

tributionis generatedby illumination with inhomogeneoumtensity[9]. It is generallyaccepted
that chaiged particleswhich generatethe electric eld are capturedat deepimpurity centers.
Evenif theworksthatexaminedthein uence of differentdopantson photorefractie effect exist

[10], to thebestof our knowledge therehave beenno studiespublishedsofar thattreatin detail

thein uence of thedopantsn a quantitatve way. Thatis why this work is devotedto investiga-
tion of photorefractyity in variouscrystalsof LiNbO3; andto searchfor a relationshipbetween
propertief photorefractie effectandimpuritiesin thesecrystals.
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2 The fundamental model of photorefractivity

Whendescribingthe mechanisntausingthe photorefractiity of the crystalthereis very often
usedthe so-calledone—level model,which canbe consideredsthe classicaimodelof photore-
fractivity, today It is essentiain the modelthat photorefractve materialcontainscertaintype
of impuritiesor imperfectionswhich createallowedenegy levelsin thebandgap. For the sale
of simplicity, the modelassumeghat all thesecentersare of the sametype andthey aredeep
enoughnot to be ionizedat the room temperaturandin darknesg9]. Onceagain,for simpli-
cation, the modeltakesinto accountonly onetype of chage carriers— the mostoften models
dealwith electrons.In this case the centersbehae asdonorsthat canbe ionized (only once)
by light with properwavelengthandan emptydonorcenteris capableto catcha free electron.
In this model, the procesf ionizationis assumedo be one-photorprocess.The factthatin
theinitial stateonly part of donor centersis occupiedmeansthat apartfrom the donorsthere
arealsoacceptolimpuritiespresenin crystalandall of themareoccupiedatroomtemperature.
Denotingthe concentratiorof all donorsasNp andconcentratiorof all acceptorasN,, the
initial concentratiorof electronsaatdonor(ground)level beforestartingopticalrecordings given
by Np, = Np Na.

Impactof radiationwith the properwavelengthandspatialdependenck ( r) is thatelectrons
aregeneratednto the conductionband. The numberof electronsgenerateder unit time in a
unit volumedependsn probability densityof electrongeneratiorgp , intensityof illumination
in considerecplaceand concentratiorof electronsat the donorlevel np (t; £). Similarly, the
numberof electroncapturedat donorlevel depend®n countof emptycenterdNp  np (t; ),
numberof free electronghatareableto recombinen. (t; +) andprobability densityof capture
ro. Theseprocessearedescribedy therateequation

@o (4 F) _
@

The changeof electronconcentratiorin conductionbandin time is describedy equation

@c(tr)_ @o(tr) 1

@ @ e
whereeis theelementarychage,j is theelectriccurrentdensityvectorandthemeaningof other
symbolsis apparenfrom previoustext. Thetotal electriccurrentdensityj” consistanot only of
diffusioncurrentwhichis aconsequencef freecarriersconcentratiorgradientbut alsoof ohmic
currentcausedy theelectric eld formedby displacemenof electrons

gl ()np () +rpnc(t; £)(Np  np (L F)): (1)

ry(te); @)

T(t; #)=Dr ne(t; 0+ E(L 1), 3)

whereD is the diffusion coefcient of free carriersin conductionband, is the conductvity
tensorof materialand E (t; ) is the distribution of electric eld intensity formedby spatial
redistrikution of chaige. This eld ful Is the Poissons equation

r'E= (t#); (4)

whereupon (t; ) = e(n¢(t; £) + Na + np (t; #) Np) is the spatialdistribution of the
chagedensitydueto illumination, " is the permitivity tensorof the medium. The electric eld
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(describedby Eq. (4)) induceschange®f refractive index dueto electroopticakffect, whichis
considered linearone. This changecanbe expressedy changeof impermeabilitytensorB

B(tr)=rE(tr); (5)
where B (t; &) = W ~with i; j = 1; 2; 3 andr is the tensorof electrooptical
; i

coefcients [9,11]. As therefractve index distribution n (t; ) is aresultof distribution of illu-
minationintensityl () anddurationof its in uence, onecanconsiderthedistribution of refrac-
tiveindex astherecordof spatialdistribution of illumination. Egs.(1)—(5) thenmathematically
describehe modelof creatingsuchphotorefractve record.

3 Experimental investigationof photorefractiverecord at high and repeatedexposures

The experimentsvereperformedusinga set-upfor holographidnvestigationof photorefractve
effect[12,14]. To examinethe effect we usedto recordthe optical eld formedby interference
of two coherenbeamsof Argonion laserlLA 120operatingat 488 nm. The beamsntersected
eachotherin the placeof the crystal sampleseatingwith small angle(about0.004rad). Due
to the angle,laserbeamsform the optical eld with harmonicdependencen coordinatewith
periodabout300 m. The optical axis of the crystalwas parallelto direction of gradientof
illumination| (z). Thisoptical eld createghe phaseliffractiongrating(aregionwith spatially
modulatedrefractive index), which canbe consideredisa recordof this eld. Theinformation
aboutprocesof therecordformationcanbe obtainedoy measuringhetime dependencef the
diffraction maximaintensitiesthat occur either dueto self-diffraction of the light creatingthe
recordor dueto diffractionof thelight illuminating therecordfrom anothetlight source.To read
therecordwe illuminatedthe crystalwith He — Ne laser(633nm) beam.The polarizationof the
readingbeamwaschoserto correspondo extraordinarybeam.We chosesmallintensityof the
readingbeamto minimizeits effect on recordbut at the sametime, intensive enoughto provide
legible diffractedbeams. Time dependenciesf intensity of the beamsdiffractedon records
createdn differentsample®f LiNbO3 crystalsobtainedexperimentallyatroomtemperaturare
shavnin Fig. 1.

It iswell knownthattherecordis erasedvhenit is readoutby light with thesamewavelength,
or closeone to that usedat creationof the optical record. After simple manipulationswith
Egs.(1) — (4) onecanshaw thatirradiationof thecrystalby homogeneoukght (this corresponds
to situationof readoutor erasingof the record)for time long enoughcauseshe homogeneous
distribution of electronsn conductiorbandanddonorlevel, aswell. Thiswill happemo matter
whatthedistribution of electronsn crystalbeforean applicationof homogeneouglumination
was. After turningthis light off the crystalgetsto the statewhennp = np, = Np  Na and
it is valid for its whole volume. This stateis identicalwith initial onein which the crystalhad
beenbeforetherecordwascreatedlt meanshatmediumwhereinprocessedescribedy theset
of Egs.(1) — (4) occur, canbe usedfor repeatedecordingandthe sensitvity at eachparticular
recordingprocesss the same.

By repeatedecordinganderasingof recordsin LiNbO3 crystalswe keptin our disposalwe
indeedobsened the possibility of repetitionof the processhut with the decreasef photosen-
sitivity of the material. The amplitudeof lastrecordscomparedo amplitudeof the rst record
waslower (Fig. 2). In somecrystals,we obsenedasmuchastenfolddrop of amplitude.There



436 N. Tarjaryi etal.
a) Sample 1 - pure LN, thickness 8.37 mm b) Sample 2 - pure LN, thickness 15.06 mm
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Fig. 1. Thediffractionef ciency asthefunctionof time. Theparta),b), c), e)—intensityof the rst (I1) and
the second(l) diffraction maximum. To seethe seconddiffraction maximumwell, valuesare multiplied
by factorof 5in a) andb) andby factorof 2 in ¢). Thepartd) andf) —intensityof thezero(lp) andthe rst
(I1) diffractionmaximum.In d) thevaluesof the rst diffractionmaximumaremultiplied by factorof 30.
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is the contradictiorbetweertheresultof our experimentandthe result,which follows from rate
equationdor one-level model.

0.6

o
IS

amplitude [r.u.]
~

0 1000 2000 3000 4000
time [s]

Fig. 2. Time dependencef relative intensitiesof diffractedbeamduring multiple recordingand optical
erasingof the optical eld recordin iron dopedsample(denotedassampleLN:Fein Fig. 1).

Fig. 3. A schemeof thetwo-level model.

To explain this contradictiononeneedgo modify the fundamentamodel. The modi cation
liesin theassumptiorthatthereis anothettypeof allowedcenterdesidedonorsin thebandgap.
Thesecentersact asthe deeptrapsevenif their positionin the bandgapis shallover thanthe
positionof donors(Fig. 3). For themodel,it is possibleto write down similar rateequationsas
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we usedfor one—level model

@o (t; F) _

) ool (Hnp (t;, )+ rpne(t; £)(Np  np (t; F); (6)
%: (Gr! (9+ )07 (6 O+ rrne(t ) (Nr  nr (8 1); @)
@m(@}: M) _ @Dét; r) @wét; F)+ér Pt ) ®)

Equationg6) - (8) with additionof Eqgs.(3) and(4) describethe modi ed model. However, in
expressiorfor the spacechage (t; r) we have to includealsocarrierscapturedat traps. The
spacechagedistribution is then

(tr)=e(c(t )+ nt(tF)+np(tFr) nNp,): 9)

The meaningof all symbolsin Egs.(6) — (9) is the sameasin Eqgs.(1) — (4); only the subscript

T " speci esthetraps.As we assumeheexistenceof shallavertraps,thereis alsohigherprob-

ability of thermalexcitation of electronsfrom trapsinto the conductionband.Hence parameter
1 - theprobability of thermalgeneratiorappearsn Eq. (7).

With respecto numberof levelsin the bandgapforming the recordthe modelcanbe quali-
ed asthetwo—level model. Accordingto this model,therecordis madeby chagedistribution
atdonorlevel andtraps.

Accordingto Eqg. (9), theelectric eld thatis the causeof the recordis formednot only by
trappedchageshbut alsoby free carriers. The distribution of trappedcarriersafter turning the
recordedoptical eld off is quite stable. Consequentlyany changesn intensity of diffracted
beamsn shorttime afterturning off thelight maybe causednly by changeof thefree carriers
distribution. This canbe usedto measurehe contribution of free carriersto the record. There-
fore,weinvestigatedhein uencetheturningoff therecordedeld hadonintensityof diffracted
beamsat constanintensityof readout beam.We did registerno short-timechangé in intensity
of diffractedbeamsevenif theoptical eld wasturnedoff in differentstagef recordcreation.
Our equipmentallowed us to measureshort-timechangesof the order of magnitude10 2 of
diffractedbeamsintensity It indicatesthatthe electric eld is dominantlyformedby captured
carriers.

It is possibleto explain the obsened changen sensitvity of materialthatoccurswhenpro-
viding the multiple repeatingf opticalcreatinganderasureof therecordby establishmentf the
following assumptionLet us assumehatthe probability densityof donorsandtrapsionization
for light usedin experimentis notthesamej.e.,go 6 gr. To illustratethe situation,consider
gr closeto zerofor thelight with givenwavelengthandat sametime consideN+ > np,. The
resultsof experimentallyexaminedthermalrelaxationof the record[12] shaved thatthe time
decayconstanbf the recordat roomtemperaturés of the orderof months.Hence ,we canne-
glectthe in uence of thermalexcitation of the trapsat room temperature Taking into account
premisesnentionedabove, solvingEqgs.(6) and(7) onecanshow thatthe sensitvity of medium
in this extremecasewill declineto zero.

Next, it follows from Eqgs.(6) — (9) and(3) — (5) thatat high exposureghe growth of ampli-
tudeof therecordgraduallydeceleratesntil it stopsde nitely. Thereasorof this canbe

2Up to few tentsof seconds.
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a) compensationf thediffusioncurrentby thedrift currentjgis (t; #) =  Jonm (t; )
b) or depletionof donorcentersnp (t! 1 ;#)! O.

Experimentshaw thattime periodneededo reachthe steadystate(at beamintensitiesused
for therecords)s of theorderof hundredsecondsAccordingly, it is feasibleto assumehatthe
time neededo reachthe steadystateof the free carriersconcentratioris of few ordersshorter
thanthe exposuredurationneededor examinationof time dependenciesf therecordcreation.
Hence,using Egs. (6) — (8) and applying the assumptiorthat thereis no ionization of traps
(gr! O; 1! 0)wecanwritedowntheexpressiorfor steadystatevalueof electronconcen-
trationin conductionband.In rst approachhesteadystatevalueis

go! () np (L 1“):

Ne(t; 1) =
C( ) rrNt + rpNp

(10)

With referenceto mentionedconditionsit resultsfrom Eq. (6) that populationof donorlevel
np (t; £) is theexponentialfunctionof time

np (t; ) = np, exp[ t= 1] (12)
with time constant dependenon intensityof illumination
1

= . 12
ol (r) 1 oo ¢

roNp+rt Nt

In casethatgrowth of therecordwill stopdueto compensationf thediffusionanddrift compo-
nentsof the currentby eachother; it follows from Eq. (3) (usingexpression(10) andassuming
I (z) = 1o+ 11 cosK z)) thatcomponenof the electrostaticeld thatmodulateghe refractive

index in illuminatedregion of crystalis

DKljsin(Kz)
(lo+ l1cos(K z))’

Eu(2) = (13)
whereE, (z) is thecomponenbf the eld in directionof the spatialfrequeng of theillumina-
tion, K and isthemobility of electrons.

It canbe seenfrom Eq. (13) that for the caseof | ;cos K+ << |g , theamplitude
of the steadystatevalue of the recordis proportionalto intensity of illumination. In caseof
| 1cos K+ comparablergreatethanly ,thesteadystatevaluedoesnotdependnintensity
of illumination but shavs heavy deviation from harmonicdependencekinally, if the growth of
the recordis limited by the secondmechanism(emptyingthe donor centers)the steadystate
amplitudeof therecordis notthe functionof illumination.

Comparisorof measuredemporaldependenciesf diffractedbeamintensities(Fig. 4) with
valuesresultingfrom diffractionintegral for harmonicgrating[13]

sin N_d# 2z, _ _ 2
lait (# t) = on . exp( ik " (tx))exp( ik# )d ; (14)
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Fig. 4. Time dependencesf relative intensitiesat differentintensitiesof recorded eld. The plotted

cunes are for following intensities: 8.7 mWmm 2, 5.2 mWmm 2, 3.5 mWmm 2, 1.7 mWmm 2,

0.9mWmm 2,0.2mWmm 2.

shaws thatthe steadystatevalue of the recordamplitudeis independenbn illumination inten-
sity andthe grating canbe consideredasharmonicone. Accordingthe previous paragraphst
meanghatexistenceof steadystateof refractveindex modulationatlong exposures causedy
depletionof donorcenters.n expression14) 1 4¢ (#; t) denotegshedistribution of intensityof
diffractedbeamin time t anddirectionassignedo diffractionangle#, d is thegratingconstant,

is the wavelengthof the diffractedlight, k is the magnitudeof thewave vectorand ' (t; x)
denoteghe changeof phaseénducedby changeof refractive index.

To completetheinformationaboutcrystalsensitvity changeslet usnotethatin investigated
sampledt is possibleto achieve the restorationof aninitial state,i.e. the statewith previous
relatively high sensitvity to opticalrecordcreation. Thewayto doit is the heatingtreatmenof
thecrystal. Uponexperimentallyrecevedthermaldependencef thetime decayconstanof the
record we know thatthisonewill erasevhenheatingcrystalto thetemperaturef about100 C—
110 C for severalminutes.Thesensitvity of thecrystalafterthis treatmenis approximatelythe
sameasin initial state.Temperingthe crystalfor shortertime, we obseredonly partialerasure
of therecord[12].

4 Time dependencie®f the amplitude of records

Using expressiong10) and (11) onecan nd thatalsothe amplitudeof concentratiorof free
carriersmodulationis theexponentiaffunctionof time. As aconsequenceheconcentratiorgra-
dientandhencealsothe divergenceof currentdensityvectorin the rst approximatiorchanges
exponentiallywith time constantexpressedy (12). The amplitudeof the recordcanbe then
expressedy

t
R=Amax 1 exp — ; (15)
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Tah 1. Maximal amplitudesof refractve index modulationr of recordsandcorrespondingime constants
in investigatedsamples.

Sample| Sample| Sample| Sample| Sample| Sample

1-pure | 2-pure | 3-pure | 4-pure | LN:Fe | LN:Gd

R 10° | 1135 9:497 | 2051 13:.02 7547 121:0
[s] 490 460 110 100 220 150

wherernax is the steadystateamplitudeof therecordand is thetime constanbf the process.

Becauseheinvestigatedliffractionef ciency depend®namplitudeof refractiveindex mod-
ulation andthicknessof the sample,aswell, the time dependencen Fig. 1 do not provide di-
rectinformationabouttime evolution of amplitudeof the record. Thereforewe expressedhe
amplitudeof phasemodulationfrom measured/aluesand after simple corversion,we got the
amplitudeof refractiveindex modulation.To beableto comparexperimentallyobtaineddepen-
dencieswith the featuresresultingfrom diffractionintegral (14), we used(15) and after tting
thetime constantwe gotdependencieshovnin Fig. 5.

Looking atthe gure it is apparenthatthe maximal (the steadystate)valuesof amplitude
of therecordaredifferentfor singlecrystalseventhoughsomeof themarelabeledaspure(i.e.
undoped)rystals. The obtainedcurvesshaved thattherewasa differenceamongcrystalsnot
only in maximalamplitudeof modulation(in the steadystate)but alsoin time constant. The
valuesobtainedby tting theseparameterin the expression(15) arepresentedn Tah 1.

Knowledgeof thetime constant is usefulbecausét allows (in combinatiorwith measure-
mentof absorptioncoefcient andusingEqgs.(6), (11), and(12)) estimatingthe donorconcen-
trationin examinedsample[15].

5 Anharmonicity of the record

The study of photorefractve effect by meansof readingthe intensity of beamsoriginatedon
the recordby diffraction, presentedn the previous paragraphss the naturaland obvious way
of the recordinvestigation. This methodgives semiquantitatie agreemenbetweenmeasured
diffractedbeamsntensitiesandthosecalculatedrom diffractionintegral (14). It con rms that
therecordof the interferenceeld representshe phasediffraction gratingthatis very closeto
harmonicone(Fig. 6).

Providing the examinationof photorefractiity in crystalsof LiNbO3, we have also used
anotherway of investigationthat gives information aboutobsened processindependentlyon
measuringhetime dependenciegf intensitiesin diffractionmaxima.lts fundamentaldeais to
imagetherecord. As therecordrepresentshe phaseobject,its imagecanbe obtainedusingan
interferencamaging. For example,by usingthe interferenceof beamsre ected from the front
and rear surface of the crystalthat containsthe record. The registrationof suchinterference
patternin differentmoments(different phasesof the processof recordcreation)is shavn in
Fig. 7.

It is usefulwhentheinterferencdringesareparallelto the gradientof the refractive index.
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a) Sample 1 - pure LN, thickness 8.37 mm
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b) Sample 2 - pure LN, thickness 15.06 mm
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Fig. 6. Intensityof the zero-[J- andthe rst -} - diffractionmaximummeasuredn sampleLiNbO3:Feand
— calculatedrom diffractionintegral.

In this case their shapedirectly shaws the refractive index pro le andthe spatialperiodof the
recordcanbe directly readout from theinterferencepattern.Theinterferogramsn Fig. 7 shav
thatthe spatialdependencef refractive index is closeto periodicdependencandcon rm that
its value correspondso period of the recordedoptical eld. It meansthat the distribution of
refractve index modulationis not asanharmoniasit follows from the expression(13), which
wasderivedassumingliffusionanddrift currentmutuallycompensateachother

However, we obsened someslight deviation from harmonicitywhen recordingharmonic
eld. It occurredcatconsiderabhhighexposuresndit wasmanifestedy obsenableasymmetry
of thediffraction pattern(differentintensitiesof maximaof higherdiffractionorderson positive
andnegative side)[14].

6 Conclusion

Resultsof investigationof photorefractiity presentedn this work shav that examinationof

photorefractve effectin LiNbO3 crystalsat high exposuresallows obtaininginformationabout
crystalsunderstudy In particular therepetitionof there-recordingpf thephotorefractrerecords
aftertheir optical erasurandicatesthat besideshe donorlevel thereexists anotherevel in the
bandgap.In addition,obtainedresultscon rm relationshipbetweertime constanof therecord
creation(which is well measurablevalue) and materialparameterst; rp; Np; Nt andgp .

The differenttime constantanddifferentvaluesof maximumamplitudeof the recordobsenred
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c) d)

Fig. 7. Theinterferencepatternof beamse ected from front andbacksurfacesof 1 mm thick sampleof
LiNbO3:Fein differentstageof recording.Theinterferencepatterncreatedy two Ar laserbeamg488nm)
makingangleabout0.004rad: a) beforerecording,b) after 40 secondsc¢) after 100 secondsd) after200
second®f recording.Diameterof illuminatedspotis 1.5mm.

in singlecrystals(shovn in Tablel) suggesthattherearesigni cant differencesamongcrystals.
It is not surprisingwhencomparingLiNbO3: FeandLiNbO3: Gd crystalsbut it becomesnter-
estingwhenexaminingcrystalsof variousorigin, thoughall labeledaspure (undoped)rystals.
It is clearthat differencesare relatedto presenceof impuritiesin usedsamples. This allows
sayingthatthe investigationof photorefractiity at high exposurexanbe usedfor approximate
estimationof the concentratiorof impurities.
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