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Origin of thermal fixing in photorefractive lithium niobate crystals

K. Buse,* S. Breer, K. Peithmann, S. Kapphan, M. Gao, and E. Kra¨tzig
Universität Osnabrück, Fachbereich Physik, D-49069 Osnabru¨ck, Germany

~Received 18 November 1996!

Macroscopic light patterns are thermally fixed in photorefractive iron- or copper-doped LiNbO3 crystals with
different hydrogen concentrations. Spatially resolved absorption measurements reveal unambiguously that
migrating hydrogen ions compensate for the space-charge fields at enhanced temperatures if the hydrogen
concentration is large enough. However, in crystals with small hydrogen concentrations thermal fixing is also
possible and another compensation mechanism appears. Partial depolarization of the crystals does not contrib-
ute to the charge compensation processes. The refractive-index pattern is developed by homogeneous illumi-
nation and measured by an interferometric technique. The development process is described considering the
spatially modulated concentrations of filled and empty electron traps, which cause spatially modulated currents,
even for homogeneous illumination.@S0163-1829~97!06220-6#
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I. INTRODUCTION

Electronic components have been replaced more often
optical devices because of the advantageous propertie
light.1 All optical communication networks with fiber optic
and volume holographic memories are under developme2

materials are required for the realization of these advan
devices. Photorefractive crystals offer many fascinating p
sibilities for applications in technical optics. The ligh
induced refractive-index changes enable, e.g., productio
thick phase gratings with outstanding Bragg selectivities
large diffraction efficiencies.3 These gratings are of speci
interest for wavelength stabilization of diode lasers or wa
length multiplexing and demultiplexing.

In photorefractive crystals, inhomogeneous illuminati
excites charge carriers from impurities into the conduction
valence band and these charge carriers move because of
diffusion, and the bulk photovoltaic effect.4 Because the ex
citation rate in darker regions is smaller than in brighter
gions, electric space-charge fields build-up and modulate
refractive index via the electro-optic effect, e.g., in the ca
of LiNbO3:Fe it is known that electrons are excited fro
Fe21 ions into the conduction band and trapped by Fe31

ions.5 A common problem of photorefractive devices is th
homogeneous illumination erases the stored light patt
Different methods for reading without erasure have been
veloped. Permanent refractive-index changes, which ca
be erased by light, are obtained by thermal6,7 and electrical
fixing,8,9 while other techniques are based on recording w
light of high photon energy and read-out with light of lo
photon energy.10–15 Thermal fixing is of special interest to
because this method enables the superposition of many
lograms with high diffraction efficiencies.16 Thermal fixing
was discovered and intensively investigated in LiNbO3, but
is also possible in LiTaO3,

17 Bi12SiO20 ~BSO!,18

KNbO3,
19,20 and BaTiO3.

21,22

A light pattern is ‘‘thermally fixed’’ by heating the crysta
during or after illumination. At enhanced temperatures
electric space-charge field is compensated. After cooling
crystal to room-temperature homogeneous illumination ‘‘d
velops’’ the stored refractive-index pattern. A detailed und
560163-1829/97/56~3!/1225~11!/$10.00
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standing of these processes is required for tailoring of cr
tals for special applications.

In this investigation, we perform thermal fixing exper
ments of macroscopic Gaussian intensity patterns in iron
copper-doped LiNbO3 crystals and measure spatially r
solved Fe21, Cu1, and H1 concentrations and changes
refractive index. The results are compared with compu
simulations. The aim is to reveal unambiguously the orig
of the two main steps of thermal fixing: Compensation
the space-charge fields and development by homogen
illumination.

II. REVIEW OF PREVIOUS WORK

A. Compensation of space-charge fields

Compensation of the space-charge fields at enhanced
peratures is crucial for thermal fixing. Migration of ions or
crystal defects, reorientation effects, or a partial depolar
tion of the crystals may compensate for the space-cha
fields.23–25 Several investigations were carried out to reve
the dominant compensation mechanism.

Staebler and Amodei measured the time constant
space-charge field compensation in the temperature ra
80–300 °C and found that an Arrhenius law is fulfilled wi
a thermal activation energy of 1.1 eV.26 From the time con-
stants the corresponding conductivities were estima
which are in excellent agreement with directly measured v
ues. At temperatures around 1000 °C LiNbO3 has an ionic
conductivity,27,28 and an extrapolation of the conductivit
values of Staebler and Amodei to this temperature reg
shows fairly good agreement with literature values.27,28This
leads to the conclusion that ionic conductivity is the ma
contribution to the fixing process. However, this conclusi
is doubtful because of the much higher thermal activat
energy 1.5–1.9 eV at 1000 °C.27,28

Smith et al. discovered that hydrogen is present
LiNbO3; the OH2 stretching vibrations cause an absorpti
band at 2870 nm.29 Bollmann and Sto¨hr showed that in the
temperature range 400–1000 °C hydrogen is the origin of
conductivity with a thermal activation energy of 1.11 eV;30

this agrees with the activation energy obtained from the th
1225 © 1997 The American Physical Society
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1226 56K. BUSE et al.
mal fixing experiments. A very detailed recent study of t
conductivity of LiNbO3 crystals confirms that the conductiv
ity originates from protons in the temperature ran
80–600 °C.31 The thermal activation energy was determin
to be (1.2360.04) eV in LiNbO3 and (1.1760.01) eV in
LiNbO3:Fe.

However, Williamset al. reported a correlation betwee
illumination and the motion of silicon ions in LiNbO3.

24

Therefore Meyeret al. performed a theoretical and exper
mental investigation of thermal fixing in LiNbO3 doped with
iron and silicon.32 In their theoretical approach, the autho
neglected the change of the bulk photovoltaic current w
changing concentration of optically excitable electro
Within their model they determined the concentration of io
which is required for the explanation of the fixing proce
and compared this with the concentrations of silicon a
hydrogen; large discrepancies lead to the conclusion that
con and hydrogen are not responsible for the fixing proc
Because of the incomplete modeling, this conclusion
doubtful. Furthermore, there were large uncertainties in
determination of the H1 concentration.31 Meyer et al. also
pointed out that vacancies may contribute to the compe
tion process.32 Kovalevich et al. reported that in LiNbO3
above 100 °C the light-induced space-charge fields are l
enough to create a local polarization reversal.25 An increased
amount of abrupt changes of the diffraction efficiency o
served at the end of high-temperature writing was attribu
to local polarization changes.32

Vormannet al. showed that a reduction of the hydroge
concentration lowers the thermal fixing capability
LiNbO3:Fe and that fixing of a macroscopic light patte
yields a slight change in the H1 concentration.33 The effect
was too small for a quantitative comparison between m
sured and expected H1 distributions. In contrast to these re
sults, holographic investigations of thermal fixing
LiNbO3:Cu revealed no significant influence of the conce
tration of the protons.34

To summarize, there are many indications that hydro
plays an important role in thermal fixing,35 but until now no
unambiguous proof has been achieved. Furthermore, t
are indications that local polarization reversals or other
fects may occur and contribute to the fixing procedure.

B. Development by homogeneous illumination

The first explanation of the development process w
vague: ‘‘optically ionizable traps tend to uniformly redi
tribute, leaving an electric-field pattern due to the uncomp
sated charge pattern.’’6 Because the space-charge field
compensated there seems to be no reason for a migration
redistribution of the excited electrons. Kulikov and Stepan
carried out a modeling of the development process.36 At
room temperature holographic recording reaches a statio
condition if drift currents induced by the space-charge fi
compensate for bulk photovoltaic and diffusion currents.
enhanced temperatures, this space-charge field is com
sated and the charge transport continues until the compe
tion mechanism stops or no more empty or filled elect
traps are available. Consequently, a considerably modul
concentration of filled and empty photoionizable traps can
created. Although the development is performed by homo
h
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neous illumination, this spatially modulated impurity co
centration gives rise to a modulated current and a spati
inhomogeneous space-charge field. From the ratio of the
fraction efficiencies of the initial and of the fixed hologra
the spatially averaged concentration of filled electron tra
can be estimated.36

Meyer et al. performed a more detailed investigation.32

Bulk photovoltaic currents arise from optical excitations
charge carriers. Because of appreciable changes of the
centration of filled electron traps during the recording p
cess, the bulk photovoltaic current will also change, wh
was not considered in their theory. The first complete se
basic equations and analytic solutions for recording and
velopment of thermally fixed holograms was presented
Hertel et al.37 Their theory well explained the evolution o
magnitude and phase position of a holographic grating d
ing development measured by Matull and Rupp.38 Carras-
cosa and Agullo´-López additionally considered thermal e
citation of the electronic charge carriers39 which was
neglected by Hertelet al. There are indications that thes
excitations are of importance in LiNbO3 for temperatures
above 180 °C.40 This may explain the decrease of the perfo
mance of thermal fixing at higher temperatures. Analytic
lutions for the time evolutions during fixing and develo
ment of gratings for many different situations were obtain
by Montemezzaniet al.20

Although these theoretical approaches describe many
perimental results, further mechanisms may significan
contribute to the permanent refractive-index changes. K
phan and Breitkopf determined recently the relation betw
the H1 concentration and the refractive-index changes wh
are directly induced by protons.41 According to this calibra-
tion, even H1 concentrations which are typical for LiNbO3
bulk material may cause refractive-index changes of ab
1024. Confirmations that the development process is ba
on a spatially modulated concentration of empty and fil
electron traps and that the refractive-index changes re
mainly from the electro-optic effect are still missing.

III. EXPERIMENTAL METHODS

A. Crystals

Iron- and copper-doped congruently melting lithium ni
bate crystals~LiNbO3:Fe, LiNbO3:Cu! are investigated.
Table I summarizes dimensions, total iron, copper, and
drogen concentrations, and the concentration ratios
Fe21/Fe31 and Cu1/Cu21 ions. The crystals are labeled wit
an F or C to indicate iron or copper doping; an H is added
the crystals contain many H1 ions.

Absorption spectra are measured utilizing a CARY 17
spectrometer. The iron concentrationscFe are obtained by
mass spectroscopy and x-ray fluorescence analysis, and
the absorption coefficients at 477 nm, the Fe21 concentra-
tions cFe21 are deduced.42 This yields the Fe31 concentra-
tions cFe315cFe2cFe21 and the concentration ratio
cFe21 /cFe31 . The concentrationscCu1 andcCu21 of the Cu1

and Cu21 ions can be derived from the absorption value
Transitions of electrons from Cu1 into the conduction band
cause an absorption band around 365 nm and transitio
electrons from Cu21 into an excited state, which is induce
by crystal-field splitting, yields an absorption band arou
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TABLE I. Notations, dimensions, iron, copper, and hydrogen concentrationscFe, cCu, and cH1, and
concentration ratioscFe21 /cFe31 and cCu1 /cCu21 of Fe21/Fe31 and Cu1/Cu21 ions of the investigated
LiNbO3:Fe and LiNbO3:Cu crystals. Thec axis of the crystals is parallel to the largest crystal side and in
experiments the light propagates along the shortest dimension.

Label
Dimensions
(mm3)

cFe
(1024 m23) cFe21 /cFe31

cCu
(1024 m23) cCu1 /cCu21

cH1

(1024 m23)

FH1 0.9934.1435.10 71 0.04 0.6
FH2 0.9934.0935.12 71 0.04 0.6
F 1.0733.9935.02 7 0.33 0.09
CH 1.1434.0835.12 12 0.77 2.8
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1040 nm.5 Then the overall copper concentrationscCu
5cCu11cCu21 and the concentration ratioscCu1 /cCu21 can
be determined. The method has been calibrated by x
fluorescence and atomic absorption spectroscopy.5

B. Thermal fixing

Macroscopic Gaussian intensity distributions are th
mally fixed in the LiNbO3 crystals. The fixing experiment
are carried out at a temperature of 163 °C~absolute accuracy
63 °C, stability better than60.1 °C!. For illumination, or-
dinarily polarized light of an argon-ion laser~wavelength
514 nm! is used.

Different light patterns are utilized: The LiNbO3:Fe
sample FH1 is illuminated by an unexpanded laser beam
circularly Gaussian-shaped intensity distribution~1/e2 diam-
eter: 2.1 mm!. Light intensity in the center of the Gaussia
pattern and exposure time are 580 kW m22 and 311 h, re-
spectively. The LiNbO3:Fe crystal FH2 is illuminated by the
same light pattern for about 315 h, but without external el
trical heating.

The LiNbO3:Fe sample F and the LiNbO3:Cu sample CH
are illuminated by one-dimensional Gaussian intensity p
terns~1/e2 widths: 1.0 and 1.1 mm, respectively!. This light
distribution is achieved by expansion of the laser beam
diameter of 30 mm and subsequent focusing onto the cry
with a cylindrical lens~focal length: 300 mm!. The Gaussian
intensity profile is oriented parallel to thec axis of the crys-
tals; the intensity inhomogeneities perpendicular to thec axis
are less than 2%. Light intensity in the center of the Gauss
pattern and exposure time are 400 kW m22 and 89 h for the
sample F, and 360 kW m22 and 47 h for the crystal CH.

After illumination, the crystals are cooled to room tem
perature within 30 min. By homogeneous incoherent illum
nation with white light of a halogen lamp, the refractiv
index patterns are developed until no further changes of
refractive indices are observed. The intensity of the deve
ment light is typically 1 kW m22.

C. Absorption topography

1. Visible light: Fe21 and Cu1 concentrations

As mentioned earlier, the concentrationscFe21 andcCu1 of
Fe21 and Cu1 ions, respectively, can be directly determin
by absorption measurements. From the absorption coeffic
a477 nm of ordinarily polarized light of 477 nm wavelengt
the concentrations are ascertained according to the rela
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cFe2152.231021m22 a477 nm for LiNbO3:Fe ~Ref. 42! and
cCu152.031021m22 a477 nm for LiNbO3:Cu ~Ref. 5!.

Topographic absorption measurements are performed
lizing a weak ordinarily polarized argon-ion laser bea
~wavelength 477 nm! which is spatially filtered and focused
The focal length of the lens, 1/e2 diameter of the beam at th
focal point, and light power are 300 mm, 70mm, and 3mW.
A photodiode behind the crystal monitors the transmit
light intensity and the absorption coefficienta477 nmis deter-
mined considering reflection losses. A translation sta
moves the crystal parallel to thec axis. With this setup, spa
tially resolved measurements ofa477 nmwith a resolution bet-
ter than 70mm and an accuracy of about63 m21 are per-
formed.

2. Infrared light: H1 concentration

In LiNbO3 hydrogen yields a pronounced absorption
2870 mm because of OH2 stretching vibrations.29 This ab-
sorption can be measured with high accuracy. The pro
concentration in proton-exchanged waveguides is w
known43 which enables a calibration of the absorptio
measurements. The most accurate relation available from
literature iscOH25cH15 (1.6760.09)31022 m22 a2870 nm
~Ref. 41!, wherecOH25cH1 is the hydrogen concentratio
anda2870 nmis the absorption coefficient at the maximum
the OH2 absorption. An objection against this calibratio
method of OH2 absorption might be that the OH2 absorption
is different in highly proton-exchanged waveguides and b
material. However, by thermal annealing a large fraction
the protons diffuses into the bulk material. This yields
change of the center wavelength, but no change of width
magnitude of the OH2 absorption band,41,44 verifying that
the relation is also valid for bulk material. This calibration
in perfect agreement with other literature values wh
proton-exchanged waveguides were also investigated.31,44

For the infrared absorption measurements, a Fourier s
trometer~Bruker HR120! is used. A slit of 110mm width is
inserted, and the crystal is mounted on a translation stage
looking for the height of the OH2 absorption band and com
parison with the baseline we take into account reflect
losses. With this setup, spatially resolved measurement
a2870 nm with a resolution of 110mm and an accuracy o
about60.5 m21 are carried out.

D. Refractive-index topography

Spatially resolved measurements of refractive index
performed with a Mach-Zehnder interferometer. The setu
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1228 56K. BUSE et al.
shown schematically in Fig. 1. Light of a helium-neon las
~wavelengthl5633 nm! passes a rotatable half-wave pla
which enables adjustment of light polarization. After expa
sion and spatial filtering the beam enters the Mach-Zehn

FIG. 1. Schematic diagram of the setup used for spatially
solved measurements of the refractive-index changes create
thermal fixing. Phase changes are induced by the crystal and
tected by a Mach-Zehnder interferometer. A reference detector
ables consideration of phase drifts and noise; details are desc
in the text.
r

-
er

interferometer. By a piezoelectrically supported mirror
one of the interferometer arms the relative phasef0 of the
two interferometer beams can be changed. The crystal is
sitioned in one arm of the interferometer and a lens ima
the back face of the sample onto the detection plane~about
eight times magnification!. An identical lens is required in
the second interferometer arm in order to obtain the app
priate reference wave. Without a sample, interference of
beams in the detection planes yields a homogeneous in
sity distribution; with the sample, fringes may appear whi
originate from phase changes induced by the crystal. So
samples are slightly wedged in order to reduce the influe
of Fabry-Pe´rot interferences on holographic experimen
The created homogeneous fringe pattern is easily comp
sated by readjustment of the lens position. Photodiodes
hind small apertures~diameters used are 30–200mm! mea-
sure the light intensitiesI S and I R of a signal and of a
reference in the detection planes~see Fig. 1!. The signal
detector is mounted together with the aperture on a tran
tion stage and can be moved along thec axis of the crystal.
The reference detector is positioned outside the image of
crystal. The following procedure is carried out at each po
tion X of the movable detector in the detection plane. T
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FIG. 2. Top: Photograph of the LiNbO3:Fe
crystal FH1 after 311 h illumination at a temper
ture of 163 °C with an ordinarily polarized two
dimensional Gaussian light beam. Waveleng
full 1/e2 width, and center intensity of the beam
are 514 nm, 2.1 mm, and 580 kW m22. Bottom:
Photograph of the LiNbO3:Fe crystal FH2 after
315 h illumination under the same conditions, b
without external electrical heating. By absorptio
of light the temperature of the sample is increas
to about 40 °C. In both photographs thec axis of
the crystals points from the left to the right side
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FIG. 3. Photograph of the LiNbO3:Fe crystal
F after 89 h illumination at a temperature o
163 °C with an ordinarily polarized light beam
The light pattern has an one-dimensional Gau
ian shape. Wavelength, full 1/e2 width, and cen-
ter intensity of the beam are 514 nm, 1.0 mm, a
400 kW m22. The light pattern is slightly modi-
fied by Fabry-Pe´rot interferences resulting from
internal reflections. Thec axis of the crystal
points from the left to the right side. The crysta
has a hole in the lower right region.
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interferometer phasef0 is shifted by the piezoelectrically
supported mirror in 50 steps of about 0.25 rad and the in
sities I S(f0 ,X) and I R(f0) are recorded. Sinusoidal fits o
I S5I S,0 sin@f01fS(X)# and I R5I R,0 sin(f01fR) to the two
data sets yield the phasesfS(X) and fR . The difference
Df(X)5fS(X)2fR is the phase change introduced by t
crystal modulo multiples of 2p. We defineDf to be zero in
the sample near the crystal edge; scanning along the im
of the crystal yieldsDf(X) which arises from the refractive
index profile Dn(X)5lDf(X)(2pd)21, where d is the
crystal thickness. Jumps ofDf occur if the phase change
exceed 2p; this is taken into account and theDf values are
continuously connected. The obtainedDn curve must reach
zero near the other boundary of the crystal if the continua
procedure is correct. The refractive-index profileDn(x),
wherex is the spatial position on the crystal, is deduced fro
Dn(X) with the known magnification factor. A complet
scan requires between 30 min and 8 h, depending on
resolution used. Interferometer instabilities, e.g., a slow th
mal movement of mirrors, cannot affect the measureme
because we look for the phase differencefS2fR .

There are three different resolutions which determine
fidelity of this setup: The minimum phase change which c
be detected, the maximum gradient of phase changes w
can be resolved, and the spatial resolution.~1! Without light-
induced refractive-index changes theuDfu values are smalle
than 0.03 rad for all positionsx. Thus the smallest detectab
phase change and refractive-index changes are 0.03 rad
331026 for d51 mm. ~2! The difference of the phas
changesDf at two neighboring positions must be below 2p;
otherwise complete fringes may be overlooked by movem
of the detector to the next position. This determines a ma
mum gradient of the profiles which can be detected. Con
ering the magnification by the lenses we can reso
1 radmm21 which corresponds to a maximum refractiv
index gradient of 1024 mm21 for d51 mm. ~3! Because of
the imaging system and the signal detector aperture, sp
resolutions between 4 and 25mm are achieved.

IV. EXPERIMENTAL RESULTS

Figure 2 shows photographs of the LiNbO3:Fe samples
FH1 and FH2 after illumination. The direction of thec axis
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is determined by the pyroelectric effect; after heating, the
side is positively charged and the right side is negativ
charged. Thus thec axis points from the left to the right side
After some seconds, surface charge compensates for
changes of the spontaneous polarization.

The sample FH1, which is illuminated at a temperature
163 °C, shows a strong change of color. The crystal
bleached in the illuminated region and a dark arc appear

FIG. 4. Absorption coefficientsa477 nm and a2870 nm for ordi-
narily polarized light of 477 and 2870 nm wavelengths vs spa
coordinatex along thec axis of the LiNbO3:Fe crystal F after
thermal fixing of a macroscopic Gaussian intensity pattern.
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1230 56K. BUSE et al.
the 1c direction. The FH2 sample is illuminated withou
external heating, but light absorption increases the cry
temperature to 40 °C. However, no absorption changes
created; the illumination procedure causes only mechan
defects. During illumination the speckle pattern behind
crystal shows an interesting behavior: A slow continuo
movement followed by a rapid jump to the original positio
and so on. At 163 °C~sample FH1! the effect is present only
during the first minutes of illumination and the frequency
the periodic movement is about 1 Hz. At 40 °C~sample
FH2! the effect appears during the whole illumination tim
the frequency is about 4 Hz.

A photograph of the LiNbO3:Fe sample F after illumina
tion is shown in Fig. 3. A bleached and a darkened str
appear in the2c and1c directions. The maximum of the
one-dimensional Gaussian intensity pattern was in
middle between these stripes. Figure 4 shows the co
sponding absorption profiles and Fig. 5 illustrates

FIG. 5. Changes of the refractive index for ordinarily and e
traordinarily polarized light,Dno and Dne , vs spatial coordinate
x along thec axis of the LiNbO3:Fe crystal F after thermal fixing
and development of a macroscopic Gaussian intensity pattern.
solid curve represents measured data and the dotted curve re
from computer simulations.
al
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refractive-index changes after development, i.e., homo
neous illumination of this crystal.

Figure 6 shows that, after illumination, the LiNbO3:Cu
crystal CH also has a bleached and a darkened stripe in
2c and1c directions. The corresponding absorption pr
files and the refractive-index changes after development
shown in the Figs. 7 and 8.

V. COMPUTER SIMULATIONS

In this section, computer simulations of recording and d
velopment processes are described. The aim is to ch
whether the model of electron redistribution and ionic spa
charge field compensation can explain the measured
quantitatively.

A. Basic equations

For rate, current, continuity, and Poisson equations
write in one-dimensional approach:

dcD2

dt
52qSIcD21r ~cD2cD2!n, ~1!

j e5emenE1b* cD2I1kBTme

]n

]x
, ~2!

j i5em iciE2kBTm i

]ci
]x

, ~3!

d je
dx

1 ṙe50, ~4!

re52e~n1cD22cD2,0!, ~5!

d j i
dx

1 ṙ i50, ~6!

r i51e~ci2ci ,0!, ~7!

dE

dx
5~re1r i !~ee0!

21, ~8!
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FIG. 6. Photograph of the LiNbO3:Cu crystal
CH after 47 h illumination at a temperature o
163 °C with an ordinarily polarized light beam
The light pattern has an one-dimensional Gau
ian shape which is slightly modified by Fabry
Pérot interferences resulting from internal refle
tions. Wavelength, full 1/e2 width, and center
intensity of the beam are 514 nm, 1.1 mm, a
360 kW m22. The c axis of the crystal points
from the left to the right side.
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56 1231ORIGIN OF THERMAL FIXING IN PHOTOREFRACTIVE . . .
wherecD2 is the concentration of traps filled with an elec
tron, e.g.,cFe21 in LiNbO3:Fe andcCu1 in LiNbO3:Cu; cD is
the concentration of the sum of filled and empty traps, e.
cFe in LiNbO3:Fe andcCu in LiNbO3:Cu; q is the quantum
efficiency for excitation of an electron from a filled trap into
the conduction band upon absorption of a photon;S is the
photon absorption cross section;I is the light intensity in
photons per square meter and second;r is the recombination
coefficient;n is the density of electrons in the conduction
band; j e is the electron current density;e is the elementary
charge;me is the electron mobility;E is the electric field;
b* is the bulk photovoltaic coefficient;kB is Boltzmann’s
constant;T is the temperature;x is the spatial coordinate
along thec axis of the crystal;j i is the ion current density;
re is the charge density of redistributed electrons;m i is the
ion mobility; ci is the ion concentration,cD2,0 is the spatially
averaged concentration of filled electron traps;r i is the
charge density of redistributed ions;ci ,0 is the spatially av-
eraged ion concentration;e is the dielectric constant; and
e0 is the permittivity of free space. A dot indicates the tim
derivative and from all vector quantities only thex compo-
nent occurs. The one-dimensional approach is useful
simulations of, e.g., illuminations with one-dimensiona
Gaussian patterns or holographic gratings.

Thermal excitations of electrons from the filled traps int

FIG. 7. Absorption coefficientsa477 nm and a2870 nm for ordi-
narily polarized light of 477 and 2870 nm wavelengths vs spati
coordinatex along thec axis of the LiNbO3:Cu crystal CH after
thermal fixing of a macroscopic Gaussian intensity pattern.
.,

or
l

the conduction band are neglected in Eq.~1!; appreciable
contributions are expected only for temperatures ab
180 °C.40 Drift, bulk photovoltaic effect, and diffusion con
tribute to the electron current@Eq. ~2!#. The ionic current
originates from drift and diffusion@Eq. ~3!#; no bulk photo-
voltaic effect is considered because the ions are not ph
ionized. Two continuity equations@Eqs.~4! and~6!# guaran-
tee electron and ion conservation. In the initial situatio
overall charge neutrality is maintained by nonmobile co
pensation charges. This is taken into account by the te
cD2,0 andci ,0 in Eqs.~5! and ~7!.

Equations ~1!, ~4!, and ~5!, and the adiabatic
approximation,45 i.e., neglection ofṅ, yield the density of
electrons in the conduction band

n5
1

er~cD2cD2!

d je
dx

1
qSI

r

cD2

cD2cD2
, ~9!

wheren follows instantaneously the changing distribution
the electron current and the changing concentrations of fi
and empty electron traps.

B. Algorithm

Previous models often utilized Fourier development of
spatially dependent quantities.20,37,39 Neglection of higher-
order Fourier components enables analytic solution of
equations; formulas for the evolutions of the charge car
concentrations and of the space-charge field during fix
and development procedures were derived. For Gauss
shaped intensity distributions Fourier development to fi
order is not applicable; also in holographic experiments i
doubtful whether Fourier development is appropriate. T
thermal fixing process reaches the steady-state situatio
all available ions are redistributed or if there are no mo
filled or empty electron traps; nonsinusoidal steady-st
concentration distributions might be created.

l

FIG. 8. Changes of the refractive-index for ordinarily polariz
light Dno vs spatial coordinatex along the c axis of the
LiNbO3:Cu crystal CH after thermal fixing and development of
macroscopic Gaussian intensity pattern. The solid curve repres
measured results and the dotted curve results from computer s
lations.
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We solve Eqs.~2!–~9! in space by dividing the crysta
along thex direction into 1024 sections. For computer sim
lation of the recording process, the initial values are first
calculated ~no light, spatially homogeneouscD2 and ci!.
Then, the following algorithm is used.~1! Calculation of the
current densitiesj e and j i @Eqs.~2!, ~3!, and~9!#. ~2! Com-
putation of the D2 and ion distributions which are change
because of the currents which redistribute charge during
time intervaldt @Eqs.~4!–~7!#. ~3! Calculation of the result-
ing space-charge field@Eq. ~8!#. Then the procedure is re
peated for the next time stepdt and so on. The time interva
dt is chosen to be so small that further reduction ofdt yields
no changes of the computed results. On a Pentium PC a
8 h were required for simulation of a 50 h recording expe
ment. For simulation of thedevelopment processthe mea-
sured concentration profilescD2 are used and then, by th
algorithm described above, the steady-state space-ch
field is calculated. At room temperature, where the ions
practically immobile, the steady-state situation is reached
ter the dielectric relaxation timeee0 /s, wheres is the pho-
toconductivity. Thus the development can be simula
within a few minutes.

C. Material parameters

Fortunately, LiNbO3 has been intensively investigate
which enables determination of the charge transport par
eters. The total concentrations of filled and empty elect
traps (cD5cFe,cCu), and the spatially averaged concentr
tion of hydrogen (cH1,0) are already presented in Table
Together with the concentration ratioscFe21 /cFe31 and
cCu1 /cCu21 given in Table I, the spatially averaged conce
trations of filled-electron traps (cFe21,0 ,cCu1,0) are also
known.

Because of large concentrations ofcD2 , the first term on
the right-hand-side of Eq.~9! is many orders of magnitud
smaller than the second term. The computer simulations
performed considering the complete Eq.~9!, but because the
first term is negligible, only the value of the electronic co
ductivity se5emen}meqSr

21 has significant influence on
the computer simulations; variation of the paramet
me , q, S, and r yields no changes of the results
meqSr

21 is always the same. Equation~9! yields se
5emeqSIr

21cD2(cD2cD2)21 for homogeneous illumina
tion. Utilizing this relation, the parametermeqSr

21 can be
determined from published photoconductivity data. Ho
graphic erasure experiments in as-grown and thermally
nealed LiNbO3:Fe and LiNbO3:Cu crystals were performe
yielding the conductivity values.34,46The relationsse}I and
se}@cD2(cD2cD2)21# were confirmed and from the mea
sured data the coefficientmeqSr

2152.0310214 mV21 for
LiNbO3:Fe ~light wavelength 514 nm! and meqSr

2151.0
310215 mV21 for LiNbO3:Cu ~light wavelength 488 nm!
are obtained.

The bulk photovoltaic coefficient for photoexcitation
electrons from Fe21 is b*51.8310251 m3 A s ~light wave-
length 514 nm, Ref. 47!. The bulk photovoltaic coefficien
b* for photoexcitation of electrons from Cu1 into the con-
duction band is determined from data published in Ref.
where the saturation valueuDnsu of the amplitude of the
refractive-index grating was measured. ConsideringuDnsu
-

e

ut
-

rge
e
f-

d

-
n
-

-

re

-

s

-
n-

,

5uno
3r113Esc/2u with Esc5 j phv/se and j phv5b* cCu1I , where

no is the ordinary refractive index,r 113 is the corresponding
electro-optic coefficient,Esc is the space-charge field, an
j phv is the bulk photovoltaic current density, we g
j phv(cCu1I )215b*51.0310252 m3 A s ~light wavelength
488 nm!. Hereno52.3486 andr 113512310212 m V21 are
used ~light wavelength 488 nm!.48–50 Furthermore, we
checkedb* of LiNbO3:Cu by direct measurement of th
bulk photovoltaic current densities for different light intens
ties and confirmed the value of 10252 m3 A s.

It has been reported that doping increases the pro
mobility,31 perhaps because of filled traps. Fortunately,
periments were performed with a LiNbO3 crystal containing
the same concentration of transition-metal ions as
LiNbO3:Cu sample CH used in our investigation; accordi
to Ref. 31 we can write for the ionic mobility
m i5eD0(kBT)

21exp@2EA(kBT)
21# with eD0kB

2153.31
m2 K V21 s21 and EA51.17 eV. For the temperatures 2
and 163 °C, proton mobilities of 8.3310223 and 2.2
310216 m2 V21 s21 are deduced. The dielectric constant
LiNbO3 is e33528.51,52 Tables II and Tables III summariz
the relevant material parameters of LiNbO3:Fe and
LiNbO3:Cu.

TABLE II. Parameters used for computer simulation of hol
gram development at room temperature in the LiNbO3:Fe sample F:
cD5cFe, sum of the concentrations of filled and empty electr
traps;cD2,0 , spatially averaged concentration of filled electron tra
D25Fe21; me , electron mobility;q, quantum efficiency for exci-
tation of an electron upon absorption of a photon;S, photon absorp-
tion cross section;r , recombination coefficient;b* , bulk photovol-
taic coefficient;ci ,0 , spatially averaged concentration of hydrog
ions H1; m i , mobility of hydrogen ions~temperatureT520 °C!.

cD 7.031024 m23

cD2,0 1.731024 m23

meqSr
21 2.0310214 m V21

b* 1.8310251 m3 A s
ci ,0 0.931023 m23

m i (T520 °C) 8.3310223 m2 V21 s21

TABLE III. Parameters used for computer simulation of recor
ing at enhanced temperature and of development at room temp
ture in the LiNbO3:Cu crystal CH:cD5cCu, sum of the concentra-
tions of filled and empty electron traps;cD2,0 ; spatially averaged
concentration of filled electron traps D25Cu1; me , electron mo-
bility; q, quantum efficiency for excitation of an electron upo
absorption of a photon;S, photon absorption cross section;r , re-
combination coefficient;b* , bulk photovoltaic coefficient;ci ,0 ,
spatially averaged concentration of hydrogen ions H1; m i , mobility
of hydrogen ions~recording temperatureT5163 °C, development
temperatureT520 °C!.

cD 1.231025 m23

cD2,0 5.231024 m23

meqSr
21 1.0310215 m V21

b* 1.0310252 m3 A s
ci ,0 2.831024 m23

m i (T520 °C) 8.3310223 m2 V21 s21

m i (T5163 °C) 2.2310216 m2 V21 s21
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Some of the parameters are determined from meas
ments with light of 488 nm wavelength, because no ot
data are available. It has been shown earlier that the ch
transport parameters, e.g., the bulk photovoltaic coefficie
do not depend on the proton concentration.53

Refractive indices and electro-optic coefficients are
quired to calculate the refractive-index changes from
computed space-charge fields. The refractive-index distr
tion is measured with light of 633 nm wavelength and t
appropriate refractive indices, and electro-optic coefficie
for ordinarily and extraordinarily polarized light areno
52.2864, ne52.2025, r 113510.9310212 m V21, and r 333
534310212 m V21.48,49

VI. DISCUSSION

A. Changes of the crystal color

During illumination, electrons are excited from filled ele
tron traps~Fe21 or Cu1! into the conduction band, and the
move because of the bulk photovoltaic effect in the1c di-
rection of the crystal. Later they are captured by empty e
tron traps~Fe31 or Cu21!. Because absorption in the visib
originates from the filled electron traps~Fe21 or Cu1!, the
2c region, where the electrons come from, is bleached
the1c region, where the electrons are trapped, is darken

The largest space-charge fields obtained in LiNbO3 crys-
tals are typically aboutE5107 V m21 ~Ref. 4!. For a rough
estimation of the charge redistribution required to build
this space-charge field, we use the model of a capacitor.
area charge densityQ/A5ee0E yields the space-charge fiel
E. The required density of redistributed charge carriers
ee0E(we)

21, wherew is the width of the regions, where th
electrons are accumulated, or where they come from. W
w of about 0.1 mm ande528 ~Refs. 51 and 52! we get
1020 m23. Such a change of the Fe21 concentration will yield
only absorption changes of 0.05 m21 ~Sec. III C 1!. This is
the reason why in sample FH2, which is illuminated
40 °C, no appreciable absorption changes are created. H
ever, at 163 °C, obviously the space-charge fields bec
compensated and much more charge is redistributed.
charge redistribution stops only if there are no more em
or filled electron traps.

The iron concentrations of the samples FH1 and FH2
very large. Thus large space-charge fields build up u
breakdown occurs; this explains the periodic movemen
the speckle pattern behind the crystal. Build-up of the spa
charge field yields a continuous slow movement of
speckle pattern and breakdown of the field causes an ab
jump of the pattern. The frequency of this process is lowe
at enhanced temperatures, because build-up of the sp
charge field is slowed down by a charge compensa
mechanism. Obviously, the mechanical defects observe
the crystal FH2, after illumination, are created by the la
number of internal breakdowns of the space-charge fi
The magnitude of the space-charge field after a breakdow
not known and cannot be simply calculated. Thus compu
simulations of the processes in these crystals are difficu

B. Charge compensation mechanism

From the spatially resolved measurements of the abs
tion coefficients at 477 and 2870 nm~Fig. 4!, the concentra-
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tion profiles of filled electron traps and of hydrogen are c
culated~Secs. III C 1 and III C 2!. Figure 9 shows the light-
induced concentration changes of Fe21 and H1 in the
LiNbO3:Fe crystal F after the fixing experiment. Obviousl
there are not enough protons to compensate for the red
bution of electrons; thermal fixing without protons occurs

The following estimation shows that a partial depolariz
tion of the crystal cannot be the origin of compensatio
Using once more a capacitor as a model of the system,
get the relationee0E5D5Q/A2DPs , whereD is the di-
electric displacement,Q/A is the area charge density, an
DPs is the change of the spontaneous polarization. Integ
tion of ecFe21 in the region of electron accumulation~Fig. 9!,
where e is the elementary charge, yields an estimate
Q/A of about e3231024 m2331024 m'30 A s m22. To
obtainE50 this must be compensated byDPs . However,
the complete spontaneous polarization of LiNbO3 amounts
only 0.7 A s m22 ~Ref. 54!. Furthermore, as described b
low, the refractive-index profiles reveal that there is no a
preciable depolarization of the crystals. Therefore, chan
of the spontaneous polarization can be unambiguously ru
out as the origin of the charge compensation mechanism
thermal fixing experiments with LiNbO3. Charge compensa
tion is achieved by movement of ions or of crystal defec
e.g., moving vacancies or Li1 atoms may compensate th
space-charge fields. Further investigations are required
identify the compensation mechanism in crystals with sm
proton concentrations.

The sample FH1 contains more protons and also for
crystal spatially resolved measurements of the concentra
changes of Fe21 and H1 ions are performed. In this crysta
these concentration changes agree fairly well and hydro
is responsible for the charge compensation.

The LiNbO3:Cu crystal CH also contains many H1 ions.
From thea477 nmanda2870 nmabsorption profiles~Fig. 7! the
concentration changesDcCu1 andDcH1 of Cu1 and H1 ions
are determined~Secs. III C 1 and III C 2!. Figure 10 shows
the results and reveals that in this crystal the changes of
Cu1 concentrations are compensated by a correspon

FIG. 9. Changes of the Fe21 and H1 concentrations,DcFe21 and
DcH1 , vs spatial coordinatex along thec axis of the LiNbO3:Fe
crystal F after thermal fixing of a macroscopic Gaussian inten
pattern. The curves are deduced from absorption measuremen
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proton redistribution; the concentration changesDcCu1 and
DcH1 agree rather well, if we take into account uncertaint
of the correlation factors between absorption coefficients
concentrations. The H1 concentration is increased in the r
gion where electrons are accumulated; this is a proof
indeed hydrogen, and not OH2 molecules, migrate in the
crystals.

Furthermore, the computer simulation with the parame
of Table III describes fairly well the measured data. Ple
note that all parameters for the simulation are known fr
other measurements; there are no fit parameters. If we,
decreasemeqSr

21 and increaseb* by a factor of 2, very
good agreement with the measured data is achieved.
parametersmeqSr

21 andb* listed in Table III are deduced
from room temperature measurements; at 163 °C they
be slightly different. However, the uncertainty of the para
eters is only about a factor of two and especially the io
mobility seems to be correct.

C. Refractive-index changes

In Fig. 5 measured and simulated refractive-index profi
for the LiNbO3:Fe crystal F are shown. The computer sim
lations utilize the measured concentration profilecFe21(x)
and the parameters of Table II. The refractive-index chan
are excellently described by the simulation, confirming t
indeed the development process is due to spatially modul
concentrations of filled and empty electron traps. The diff
ent refractive-index changes for extraordinarily and or
narily polarized light are explained by the same space-cha
field considering the different refractive indices and elect
optic coefficients. Refractive-index changes originating fro
other effects are obviously negligible. There is no app
ciable depolarization of the crystals; otherwise the measu
refractive-index changes would be smaller.

Figure 8 shows measured and computer-simula
refractive-index profiles for the LiNbO3:Cu crystal CH. For
the simulation the measured concentration profilecCu1(x)

FIG. 10. Changes of the Cu1 and H1 concentrations,DcCu1 and
DcH1 , vs spatial coordinatex along thec axis of the LiNbO3:Cu
crystal CH after thermal fixing of a macroscopic Gaussian inten
pattern. Solid and dashed curves are deduced from absorption
surements and the dotted curve results from computer simulat
s
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and the parameters of Table III are used. Obviously, the m
sured refractive-index changes are much smaller than
computed ones.

The space-charge field amplitude depends on the con
tration of empty electron traps, i.e., in LiNbO3:Fe and
LiNbO3:Cu on Fe31 and Cu21 concentration,
respectively.34,46 Table I shows that the sample F has t
smallest concentration of empty electron traps. The comp
simulations yield in this crystal for the largest space-cha
field 50 kV cm21. This is below the breakdown field whic
is about 100 kV cm21. In the other samples CH, FH1, an
FH2 much larger space-charge fields are calculated,
300 kV cm21 for sample CH. Thus, most probably, in the
crystals, breakdowns during development occur and thi
the reason that the measured refractive-index changes
much smaller than the calculated ones.

One might argue that in the sample CH other defects t
Cu contribute to the charge transport. However, from
tailed experiments at room temperature it is known that
copper-doped LiNbO3 crystals the copper ions play a dom
nant role and that contributions of other defects to the cha
transport are negligible.5,34

D. Lifetime of holograms

Our results confirm the proton mobility values deduc
from the data published in Ref. 31; thermal activation ene
and pre-exponential factor of the temperature dependenc
the proton mobility seem to be very reliable. It follows th
at room temperature the proton mobility is 2.63106 times
smaller than at 163 °C~Table III!. For the recording of the
intensity pattern in the crystal CH about 47 h were requir
Considering that the recording time depends on the amo
of charge which must be transported from the bright into
dark regions, the recording time scales linearly with t
width or period length of the intensity pattern. Therefore,
holographic experiments the recording time of a grating w
a period length of 1mm will be about 3 min. Then the life-
time of the hologram under illumination~continuously devel-
oped! is just 3 min multiplied with 2.63106 min
'15 years. In the dark the lifetime is much larger becau
the space-charge field is compensated and the redistribu
of protons stops. The proton concentration is compara
with the concentration of filled electron traps~Table III!,
which is expected to be optimal for the hologram lifetime

However, as we demonstrated, another compensa
mechanism occurs in crystals with low proton concentrat
~Sec. VI B!. Thus, most probably, in such crystals the lif
time of holograms, even under continuous illumination,
enlarged.

VII. SUMMARY AND CONCLUSIONS

Heating a photorefractive crystal during or after hol
graphic recording and subsequent homogeneous illumina
yields fixed refractive-index patterns. This procedure
called ‘‘thermal fixing,’’ and experiments with macroscop
Gaussian intensity patterns reveal the following:

~i! At enhanced temperatures (T'160 °C! mobile protons
compensate in LiNbO3 the electronic space-charge fields,
the crystal contains a proton concentration which is at le
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ea-
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comparable with the concentration of filled electron traps
~ii ! Thermal fixing without protons is also possible; a

other charge compensation mechanism arises. It is expe
that thermal fixing without protons enlarges the lifetime
the stored patterns.

~iii ! There are no appreciable changes of the spontane
polarization resulting from the fixing procedure.

~iv! The refractive-index patterns are developed by hom
geneous illumination. Spatially modulated currents arise
cause of spatially modulated concentrations of filled a
empty electron traps. Space-charge fields build up and mo
late the refractive-index via the electro-optic effect; oth
contributions to the refractive-index changes are negligib
ys

ys

p

u

t

us
ted
f

us

-
e-
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r
.

~v! In LiNbO3 crystals with large concentrations of Fe
Cu the space-charge fields can become so large, that b
down occurs; only relatively small refractive-index chang
can be obtained.
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