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Thephotorefractive effect in variouscrystalsof LiNbO3 is investigatedin thepaper. Theex-
perimentswerecarriedoutat roomtemperatureby meansof set-upfor holographicinvestiga-
tion of photorefractive effect. Resultsof thetimedependenceof intensityof diffractedbeams
measurementsgive informationaboutcreationprocessof therecord.Suchmeasurementsat
high exposureswerecarriedout andtheir interpretationis presentedin thepaper. Theresults
of suchmeasurementson samplesfrom differentproviders indicatethe differencesamong
sampleswith respectto impuritiesthey contain.

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

1 Intr oduction

The photorefractive effect (formerly referredto asoptical damage) hasbeenwidely usedin a
hugeamountof applicationsin various�elds of engineeringsinceits �rst observation[1] in the
beginningof thesecondhalf of 20th century. As examples,utilization of theeffect for optical
datastorage[2–5] andconstructionof opticalmodulators[6] or �lters [7,8] canbementioned.
In publishedworks, this effect is describedusinga combinationof photovoltaic andelectroop-
tic effect [9]. Accordingto this conception,optical propertiesof materialarechangeddueto
electrostatic�eld formedin thecrystalasa resultof redistributionof chargedparticles.Thisdis-
tribution is generatedby illuminationwith inhomogeneousintensity[9]. It is generallyaccepted
that chargedparticleswhich generatethe electric �eld are capturedat deepimpurity centers.
Evenif theworksthatexaminedthein�uence of differentdopantsonphotorefractiveeffectexist
[10], to thebestof ourknowledge,therehavebeennostudiespublishedsofar thattreatin detail
thein�uence of thedopantsin a quantitativeway. Thatis why this work is devotedto investiga-
tion of photorefractivity in variouscrystalsof LiNbO3 andto searchfor a relationshipbetween
propertiesof photorefractiveeffectandimpuritiesin thesecrystals.
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2 The fundamental modelof photorefractivity

Whendescribingthemechanismcausingthephotorefractivity of thecrystalthereis very often
usedtheso-calledone–level model,which canbeconsideredastheclassicalmodelof photore-
fractivity, today. It is essentialin the modelthat photorefractive materialcontainscertaintype
of impuritiesor imperfections,which createallowedenergy levelsin thebandgap.For thesake
of simplicity, the modelassumesthat all thesecentersareof the sametype andthey aredeep
enoughnot to be ionizedat the room temperatureandin darkness[9]. Onceagain,for simpli-
�cation, themodeltakesinto accountonly onetypeof chargecarriers– themostoftenmodels
dealwith electrons.In this case,the centersbehave asdonorsthat canbe ionized(only once)
by light with properwavelengthandan emptydonorcenteris capableto catcha freeelectron.
In this model,the processof ionizationis assumedto be one-photonprocess.The fact that in
the initial stateonly part of donorcentersis occupiedmeansthat apartfrom the donorsthere
arealsoacceptorimpuritiespresentin crystalandall of themareoccupiedat roomtemperature.
Denotingthe concentrationof all donorsasND andconcentrationof all acceptorsasNA , the
initial concentrationof electronsatdonor(ground)level beforestartingopticalrecordingis given
by nD 0 = ND � NA .

Impactof radiationwith theproperwavelengthandspatialdependenceI ( ~r ) is thatelectrons
aregeneratedinto the conductionband. The numberof electronsgeneratedper unit time in a
unit volumedependson probabilitydensityof electrongenerationgD , intensityof illumination
in consideredplaceandconcentrationof electronsat the donorlevel nD ( t; ~r ). Similarly, the
numberof electronscapturedatdonorlevel dependsoncountof emptycentersN D � nD ( t; ~r ),
numberof freeelectronsthatareableto recombinenc ( t; ~r ) andprobabilitydensityof capture
rD . Theseprocessesaredescribedby therateequation

@nD ( t; ~r )
@t

= � gD I ( ~r ) nD ( t; ~r ) + rD nc ( t; ~r ) (ND � nD ( t; ~r )) : (1)

Thechangeof electronconcentrationin conductionbandin time is describedby equation

@nc ( t; ~r )
@t

= �
@nD ( t; ~r )

@t
+

1
e

r ~j ( t; ~r ) ; (2)

wheree is theelementarycharge,~j is theelectriccurrentdensityvectorandthemeaningof other
symbolsis apparentfrom previoustext. Thetotal electriccurrentdensity~j consistsnot only of
diffusioncurrentwhichis aconsequenceof freecarriersconcentrationgradientbut alsoof ohmic
currentcausedby theelectric�eld formedby displacementof electrons

~j ( t; ~r ) = Dr nc ( t; ~r ) + ��� ~E ( t; ~r ) ; (3)

whereD is the diffusion coef�cient of free carriersin conductionband, ��� is the conductivity
tensorof materialand ~E ( t; ~r ) is the distribution of electric �eld intensity formedby spatial
redistributionof charge.This �eld ful�ls thePoisson'sequation

r ��" ~E = � ( t; ~r ) ; (4)

whereupon� ( t; ~r ) = e(nc ( t; ~r ) + NA + nD ( t; ~r ) � ND ) is the spatialdistribution of the
chargedensitydueto illumination, ��" is thepermitivity tensorof themedium.Theelectric�eld
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(describedby Eq. (4)) induceschangesof refractive index dueto electroopticaleffect, which is
considereda linearone.Thischangecanbeexpressedby changeof impermeabilitytensor ��B

� ��B ( t; ~r ) = ���r ~E ( t; ~r ) ; (5)

where� ��B ( t; ~r ) = �
�

1
(n ( t; ~r )) 2

�

ij
with i; j = 1; 2; 3 and ���r is the tensorof electrooptical

coef�cients [9,11]. As therefractive index distribution n ( t; ~r ) is a resultof distribution of illu-
minationintensityI ( ~r ) anddurationof its in�uence,onecanconsiderthedistributionof refrac-
tive index astherecordof spatialdistribution of illumination. Eqs.(1)–(5) thenmathematically
describethemodelof creatingsuchphotorefractiverecord.

3 Experimental investigationof photorefractiverecordat high and repeatedexposures

Theexperimentswereperformedusinga set-upfor holographicinvestigationof photorefractive
effect [12,14]. To examinetheeffect we usedto recordtheoptical �eld formedby interference
of two coherentbeamsof Argonion laserILA 120operatingat 488nm. Thebeamsintersected
eachother in the placeof the crystalsampleseatingwith small angle(about0.004rad). Due
to the angle,laserbeamsform the optical �eld with harmonicdependenceon coordinatewith
periodabout300 � m. The optical axis of the crystalwasparallel to directionof gradientof
illumination I (z). This optical�eld createsthephasediffractiongrating(a regionwith spatially
modulatedrefractive index), which canbeconsideredasa recordof this �eld. The information
aboutprocessof therecordformationcanbeobtainedby measuringthetime dependenceof the
diffraction maximaintensitiesthat occureitherdueto self-diffraction of the light creatingthe
recordor dueto diffractionof thelight illuminatingtherecordfrom anotherlight source.To read
therecordwe illuminatedthecrystalwith He– Ne laser(633nm)beam.Thepolarizationof the
readingbeamwaschosento correspondto extraordinarybeam.We chosesmall intensityof the
readingbeamto minimizeits effect on recordbut at thesametime, intensive enoughto provide
legible diffractedbeams. Time dependenciesof intensity of the beamsdiffractedon records
createdin differentsamplesof LiNbO3 crystalsobtainedexperimentallyatroomtemperatureare
shown in Fig. 1.

It iswell knownthattherecordiserasedwhenit is readoutby light with thesamewavelength,
or closeone to that usedat creationof the optical record. After simple manipulationswith
Eqs.(1) – (4) onecanshow thatirradiationof thecrystalby homogeneouslight (thiscorresponds
to situationof readout,or erasingof therecord)for time long enoughcausesthehomogeneous
distributionof electronsin conductionbandanddonorlevel, aswell. Thiswill happennomatter
what thedistribution of electronsin crystalbeforeanapplicationof homogeneousillumination
was. After turningthis light off thecrystalgetsto thestatewhennD = nD 0 = ND � NA and
it is valid for its wholevolume. This stateis identicalwith initial onein which thecrystalhad
beenbeforetherecordwascreated.It meansthatmediumwhereinprocessesdescribedby theset
of Eqs.(1) – (4) occur, canbeusedfor repeatedrecordingandthesensitivity at eachparticular
recordingprocessis thesame.

By repeatedrecordinganderasingof recordsin LiNbO3 crystalswekeptin ourdisposal,we
indeedobserved the possibility of repetitionof the processbut with the decreaseof photosen-
sitivity of thematerial.Theamplitudeof last recordscomparedto amplitudeof the �rst record
waslower (Fig. 2). In somecrystals,we observedasmuchastenfolddropof amplitude.There
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Fig.1. Thediffractionef�ciency asthefunctionof time. Theparta),b), c),e)– intensityof the�rst (I1) and
thesecond(I2) diffractionmaximum.To seetheseconddiffractionmaximumwell, valuesaremultiplied
by factorof 5 in a)andb) andby factorof 2 in c). Thepartd) andf) – intensityof thezero(I0) andthe�rst
(I1) diffractionmaximum.In d) thevaluesof the�rst diffractionmaximumaremultipliedby factorof 30.
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is thecontradictionbetweentheresultof our experimentandtheresult,which follows from rate
equationsfor one-level model.

Fig. 2. Time dependenceof relative intensitiesof diffractedbeamduring multiple recordingandoptical
erasingof theoptical�eld recordin iron dopedsample(denotedassampleLN:Fe in Fig. 1).

Fig. 3. A schemeof thetwo-level model.

To explain this contradictiononeneedsto modify thefundamentalmodel.Themodi�cation
lies in theassumptionthatthereis anothertypeof allowedcentersbesidedonorsin thebandgap.
Thesecentersact asthe deeptrapseven if their positionin the bandgapis shallower thanthe
positionof donors(Fig. 3). For themodel,it is possibleto write down similar rateequationsas
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weusedfor one–level model

@nD ( t; ~r )
@t

= � gD I ( ~r ) nD ( t; ~r ) + rD nc ( t; ~r ) (ND � nD ( t; ~r )) ; (6)

@nT ( t; ~r )
@t

= � (gT I ( ~r ) + � T ) nT ( t; ~r ) + rT nc ( t; ~r ) (NT � nT ( t; ~r )) ; (7)

@nc ( t; ~r )
@t

= �
@nD ( t; ~r )

@t
�

@nT ( t; ~r )
@t

+
1
e

r ~j ( t; ~r ) : (8)

Equations(6) - (8) with additionof Eqs.(3) and(4) describethemodi�ed model. However, in
expressionfor thespacecharge� ( t; ~r ) we have to includealsocarrierscapturedat traps.The
spacechargedistribution is then

� ( t; ~r ) = e(nc ( t; ~r ) + nT ( t; ~r ) + nD ( t; ~r ) � nD 0 ) : (9)

Themeaningof all symbolsin Eqs.(6) – (9) is thesameasin Eqs.(1) – (4); only thesubscript
,,T “ speci�esthetraps.As weassumetheexistenceof shallower traps,thereis alsohigherprob-
ability of thermalexcitationof electronsfrom trapsinto theconductionband.Hence,parameter
� T - theprobabilityof thermalgenerationappearsin Eq.(7).

With respectto numberof levelsin thebandgapforming therecordthemodelcanbequali-
�ed asthetwo–level model.Accordingto this model,therecordis madeby chargedistribution
atdonorlevel andtraps.

Accordingto Eq. (9), theelectric�eld that is thecauseof therecordis formednot only by
trappedchargesbut alsoby free carriers. The distribution of trappedcarriersafter turning the
recordedoptical �eld off is quite stable. Consequently, any changesin intensityof diffracted
beamsin shorttime afterturningoff thelight maybecausedonly by changeof thefreecarriers
distribution. This canbeusedto measurethecontribution of freecarriersto therecord.There-
fore,we investigatedthein�uence theturningoff therecorded�eld hadonintensityof diffracted
beamsat constantintensityof readoutbeam.We did registerno short-timechange2 in intensity
of diffractedbeamsevenif theoptical �eld wasturnedoff in differentstagesof recordcreation.
Our equipmentallowed us to measureshort-timechangesof the orderof magnitude10� 3 of
diffractedbeamsintensity. It indicatesthat theelectric�eld is dominantlyformedby captured
carriers.

It is possibleto explain theobservedchangein sensitivity of materialthatoccurswhenpro-
viding themultiplerepeatingof opticalcreatinganderasureof therecordby establishmentof the
following assumption.Let usassumethattheprobabilitydensityof donorsandtrapsionization
for light usedin experimentis not thesame,i.e., gD 6= gT . To illustratethesituation,consider
gT closeto zerofor thelight with givenwavelengthandat sametime considerN T > nD 0 . The
resultsof experimentallyexaminedthermalrelaxationof the record[12] showed that the time
decayconstantof therecordat roomtemperatureis of theorderof months.Hence,we canne-
glect the in�uence of thermalexcitationof the trapsat room temperature.Taking into account
premisesmentionedabove,solvingEqs.(6) and(7) onecanshow thatthesensitivity of medium
in this extremecasewill declineto zero.

Next, it follows from Eqs.(6) – (9) and(3) – (5) thatat high exposuresthegrowth of ampli-
tudeof therecordgraduallydeceleratesuntil it stopsde�nitely. Thereasonof this canbe

2Up to few tentsof seconds.
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a) compensationof thediffusioncurrentby thedrift current~j dif ( t; ~r ) = � ~j ohm ( t; ~r )

b) or depletionof donorcentersnD ( t ! 1 ; ~r ) ! 0.

Experimentsshow thattimeperiodneededto reachthesteadystate(atbeamintensitiesused
for therecords)is of theorderof hundredsseconds.Accordingly, it is feasibleto assumethatthe
time neededto reachthesteadystateof the free carriersconcentrationis of few ordersshorter
thantheexposuredurationneededfor examinationof time dependenciesof therecordcreation.
Hence,using Eqs. (6) – (8) and applying the assumptionthat thereis no ionization of traps
(gT ! 0; � T ! 0) wecanwrite down theexpressionfor steadystatevalueof electronconcen-
trationin conductionband.In �rst approachthesteadystatevalueis

nc ( t; ~r ) =
gD I ( ~r ) nD ( t; ~r )
rT NT + rD ND

: (10)

With referenceto mentionedconditionsit resultsfrom Eq. (6) that populationof donor level
nD ( t; ~r ) is theexponentialfunctionof time

nD ( t; ~r ) = nD 0 exp[� t=� ] (11)

with timeconstant� dependenton intensityof illumination

� =
1

gD I ( ~r )
�

1 � r D N D
r D N D + r T N T

� : (12)

In casethatgrowth of therecordwill stopdueto compensationof thediffusionanddrift compo-
nentsof thecurrentby eachother, it follows from Eq. (3) (usingexpression(10) andassuming
I (z) = I 0 + I 1 cos(K z)) thatcomponentof theelectrostatic�eld thatmodulatestherefractive
index in illuminatedregionof crystalis

Eu ( z) =
DK I 1 sin(K z)

� (I 0 + I 1 cos(K z))
; (13)

whereEu ( z) is thecomponentof the�eld in directionof thespatialfrequency of theillumina-
tion, ~K and� is themobility of electrons.

It can be seenfrom Eq. (13) that for the caseof �I 1 cos
�

~K ~r
�

<< I 0� , the amplitude
of the steadystatevalueof the recordis proportionalto intensityof illumination. In caseof

�I 1 cos
�

~K ~r
�

comparableorgreaterthanI 0� , thesteadystatevaluedoesnotdependonintensity
of illumination but shows heavy deviation from harmonicdependence.Finally, if thegrowth of
the recordis limited by the secondmechanism(emptyingthe donor centers)the steadystate
amplitudeof therecordis not thefunctionof illumination.

Comparisonof measuredtemporaldependenciesof diffractedbeamintensities(Fig. 4) with
valuesresultingfrom diffractionintegral for harmonicgrating[13]

I dif (#; t) =

 
sin

�
N � d#

�

�

sin
�

� d#
�

�

! 2  �
�
�
�
�

Z d

0
exp(� ik � ' ( t; x)) exp(� ik #� ) d�

�
�
�
�
�

! 2

; (14)
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Fig. 4. Time dependencesof relative intensitiesat different intensitiesof recorded�eld. The plotted
curves 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 .

shows that thesteadystatevalueof the recordamplitudeis independenton illumination inten-
sity andthe gratingcanbe consideredasharmonicone. Accordingthe previous paragraphsit
meansthatexistenceof steadystateof refractive index modulationat longexposureis causedby
depletionof donorcenters.In expression(14) I dif (#; t) denotesthedistribution of intensityof
diffractedbeamin time t anddirectionassignedto diffractionangle#, d is thegratingconstant,
� is thewavelengthof thediffractedlight, k is themagnitudeof thewave vectorand� ' ( t; x)
denotesthechangeof phaseinducedby changeof refractive index.

To completetheinformationaboutcrystalsensitivity changes,let usnotethatin investigated
samplesit is possibleto achieve the restorationof an initial state,i.e. the statewith previous
relatively high sensitivity to opticalrecordcreation.Theway to do it is theheatingtreatmentof
thecrystal.Uponexperimentallyreceivedthermaldependenceof thetime decayconstantof the
record,weknow thatthisonewill erasewhenheatingcrystalto thetemperatureof about100� C –
110� C for severalminutes.Thesensitivity of thecrystalafterthis treatmentis approximatelythe
sameasin initial state.Temperingthecrystalfor shortertime,we observedonly partialerasure
of therecord[12].

4 Time dependenciesof the amplitude of records

Using expressions(10) and(11) onecan �nd that also the amplitudeof concentrationof free
carriersmodulationis theexponentialfunctionof time. As aconsequence,theconcentrationgra-
dientandhencealsothedivergenceof currentdensityvectorin the�rst approximationchanges
exponentiallywith time constantexpressedby (12). The amplitudeof the recordcanbe then
expressedby

~n = ~nmax

�
1 � exp

�
�

t
�

��
; (15)
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Tab. 1. Maximal amplitudesof refractive index modulation~n of recordsandcorrespondingtime constants
� in investigatedsamples.

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

~n � 106 11:35 9:497 20:51 13:02 754:7 121:0
� [s] 490 460 110 100 220 150

where~nmax is thesteadystateamplitudeof therecordand� is thetimeconstantof theprocess.
Becausetheinvestigateddiffractionef�ciency dependsonamplitudeof refractiveindex mod-

ulation andthicknessof the sample,aswell, the time dependencein Fig. 1 do not provide di-
rect informationabouttime evolution of amplitudeof the record. Thereforewe expressedthe
amplitudeof phasemodulationfrom measuredvaluesandafter simpleconversion,we got the
amplitudeof refractiveindex modulation.To beableto compareexperimentallyobtaineddepen-
dencieswith the featuresresultingfrom diffraction integral (14), we used(15) andafter �tting
thetimeconstant,we gotdependenciesshown in Fig. 5.

Looking at the �gure it is apparentthat the maximal(the steadystate)valuesof amplitude
of therecordaredifferentfor singlecrystalseventhoughsomeof themarelabeledaspure(i.e.
undoped)crystals.The obtainedcurvesshowedthat therewasa differenceamongcrystalsnot
only in maximalamplitudeof modulation(in the steadystate)but also in time constant.The
valuesobtainedby �tting theseparametersin theexpression(15) arepresentedin Tab. 1.

Knowledgeof thetime constant� is usefulbecauseit allows (in combinationwith measure-
mentof absorptioncoef�cient andusingEqs.(6), (11), and(12)) estimatingthedonorconcen-
trationin examinedsample[15].

5 Anharmonicity of the record

The studyof photorefractive effect by meansof readingthe intensityof beamsoriginatedon
the recordby diffraction,presentedin the previous paragraphsis the naturalandobvious way
of the recordinvestigation. This methodgivessemiquantitative agreementbetweenmeasured
diffractedbeamsintensitiesandthosecalculatedfrom diffractionintegral (14). It con�rms that
the recordof the interference�eld representsthephasediffractiongratingthat is very closeto
harmonicone(Fig. 6).

Providing the examinationof photorefractivity in crystalsof LiNbO3, we have also used
anotherway of investigationthat gives informationaboutobserved processindependentlyon
measuringthetimedependenciesof intensitiesin diffractionmaxima.Its fundamentalideais to
imagetherecord.As therecordrepresentsthephaseobject,its imagecanbeobtainedusingan
interferenceimaging. For example,by usingthe interferenceof beamsre�ected from the front
and rearsurfaceof the crystal that containsthe record. The registrationof suchinterference
patternin differentmoments(differentphasesof the processof recordcreation)is shown in
Fig. 7.

It is usefulwhenthe interferencefringesareparallelto thegradientof the refractive index.
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Fig. 5. Time dependencesfrom Fig.1convertedinto therefractive index modulationdependence.
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Fig. 6. Intensityof thezero- - andthe�rst -} - diffractionmaximummeasuredin sampleLiNbO3 :Feand
– calculatedfrom diffractionintegral.

In this case,their shapedirectly shows therefractive index pro�le andthespatialperiodof the
recordcanbedirectly readout from theinterferencepattern.Theinterferogramsin Fig. 7 show
that thespatialdependenceof refractive index is closeto periodicdependenceandcon�rm that
its valuecorrespondsto periodof the recordedoptical �eld. It meansthat the distribution of
refractive index modulationis not asanharmonicasit follows from theexpression(13), which
wasderivedassumingdiffusionanddrift currentmutuallycompensateeachother.

However, we observed someslight deviation from harmonicitywhen recordingharmonic
�eld. It occurredatconsiderablyhighexposuresandit wasmanifestedby observableasymmetry
of thediffractionpattern(differentintensitiesof maximaof higherdiffractionordersonpositive
andnegativeside)[14].

6 Conclusion

Resultsof investigationof photorefractivity presentedin this work show that examinationof
photorefractiveeffect in LiNbO3 crystalsat high exposuresallows obtaininginformationabout
crystalsunderstudy. In particular, therepetitionof there-recordingof thephotorefractiverecords
after their opticalerasureindicatesthatbesidesthedonorlevel thereexistsanotherlevel in the
bandgap.In addition,obtainedresultscon�rm relationshipbetweentime constantof therecord
creation(which is well measurablevalue)andmaterialparametersr T ; rD ; ND ; NT andgD .
Thedifferenttime constantsanddifferentvaluesof maximumamplitudeof therecordobserved
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a) b)

c) d)

Fig. 7. The interferencepatternof beamsre�ected from front andbacksurfacesof 1 mm thick sampleof
LiNbO3 :Fein differentstageof recording.Theinterferencepatterncreatedby two Ar laserbeams(488nm)
makingangleabout0.004rad: a) beforerecording,b) after40 seconds,c) after100seconds,d) after200
secondsof recording.Diameterof illuminatedspotis 1.5mm.

in singlecrystals(shown in Table1) suggestthattherearesigni�cant differencesamongcrystals.
It is not surprisingwhencomparingLiNbO3: FeandLiNbO3: Gd crystalsbut it becomesinter-
estingwhenexaminingcrystalsof variousorigin, thoughall labeledaspure(undoped)crystals.
It is clear that differencesare relatedto presenceof impurities in usedsamples.This allows
sayingthatthe investigationof photorefractivity at high exposurescanbeusedfor approximate
estimationof theconcentrationof impurities.
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