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Characterization of parasitic gratings in LiNbO 3
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~Received 7 September 1999!

We present a detailed experimental study of photoinduced light scattering in LiNbO3 :Fe. The transmitted
intensity was investigated as a function of the read-out wavelength and of the reconstruction angle for two
different rotation axes. A simple phenomenological model based on the Ewald construction is developed which
explains the characteristic features of the angular and spectral dependence of the transmitted intensity in the
presence of parasitic gratings.
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I. INTRODUCTION

Holographic recording processes are usually accompa
by a rise of unintentional photoinduced light scattering,1 so-
called holographic scattering. As the primary beam interfe
with light scattered from inhomogeneities, small refracti
index changes are generated via the photorefractive e
from which light is diffracted additionally, hence leading
an increase of the refractive index change if the diffrac
wave adds constructively to the scattered wave. This pro
naturally is time dependent and as a rule strives for a stat
ary state, i.e., the intensity of the scattered light increase
to a maximum.2 The photoinduced structure of refractive i
dex inhomogeneities can be regarded as a host of para
gratings. Those spurious structures, which are recorded a
same time as the desired holograms, reduce the diffrac
efficiency and lead to a reduction in the image quality dur
hologram reconstruction. As they limit data storage appli
tions, it is an important task to study their genesis, as wel
the functional dependence of the intensity of a reconstruc
wave on various parameters such as wavelength, recons
tion angle ~RA!, and its polarization. On the other han
holographic scattering provides also valuable insight into
dynamics of holographic recording processes.1,3,4 Only re-
cently, holographic scattering has attracted renewed atten
when it was discovered even in centrosymmetric crystal
which light amplification on the basis of wave mixing
forbidden.5

In the present work we study the genesis and evolution
parasitic gratings by using a single beam setup, and inve
gate the angular and spectral dependence of the transmit
of a reconstructing light wave in the presence of the es
lished refractive index inhomogeneity~i.e., the pattern in the
stationary state!. Furthermore, we apply a phenomenologic
model based on the Ewald construction,6,7 describing quali-
tatively the measured dependences when reconstructing
autogenerated holograms. This is of some importance a
will give a hint on how to choose suitable reconstructi
conditions at which their effect can be minimized.

II. EXPERIMENT

The experiments were carried out on an oxidiz
LiNbO3:Fe crystal~742-05/Ox! with an iron content of 0.1
PRB 610163-1829/2000/61~23!/15778~7!/$15.00
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wt. % Fe2O3 in the melt and dimensions ofa3b3c
517.932.5539.6 mm3. Parasitic gratings in LiNbO3:Fe
were generated by a single extraordinarily polarized la
beam of diameter 4 mm hitting the crystal at normal in
dence and propagating through it along a direction perp
dicular to thec axis of the crystal. The recording time wa
typically 10 min at an intensity ofI p50.2 W cm22, i.e.,
with an exposure of about 100 J cm22, the wavelengths be
ing eitherlp5514 nm orlp5488 nm. The transmitted in
tensity was detected by a silicon diode~diameter 5 mm! and
the amplified signal collected by a computer. The faces p
pendicular to thec axis were short circuited to avoid
build-up of pyroelectric and photovoltaic fields across t
sample. The sample was fixed on a holder placed on a h
precision rotation stage (61023deg) which allowed for a
rotation around two axes that were mutually perpendicul

One characteristic feature of holographic scattering is
time dependence. Following an approach2 to describe the
transmitted intensity as a function of the recording tim
yields @Eq. ~6! in Ref. 2#

I p~ t !

I p~0!
5

11m0

11m0 exp~Ged!
,

~1!
Ge~ t !5G@12exp~2t/t!#.

Hered is the thickness of the sample, whileG,t, andm0 are
fit parameters which may be interpreted as gain, dielec
relaxation time, and the fraction of the initially~i.e., at t
50) scattered intensity, respectively. In Fig. 1 the transm
ted intensity during the writing process is shown forlp
5488 nm. The solid line gives the fit to Eq.~1! and de-
scribes the recording behavior excellently (x25231025)
despite the simplicity of the applied model. The fit para
eters areG5(2.3260.01) mm21, t5(11860.5) sec, and
m050.01760.0005. Using the plausible relationshipsG
54pdn/l andt5e0e/sph with e530, quite reasonable val
uesdn5(960.1)31025 andsph52310214 V21 cm21 are
obtained for the effective refractive index change and
photoconductivity, respectively. Only the parameterm0 with
nearly 2% largely seems to overestimate the initial ratio
scattered to pump intensity. Nevertheless, in view of
15 778 ©2000 The American Physical Society
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PRB 61 15 779CHARACTERIZATION OF PARASITIC GRATINGS IN LiNbO3
complicated dependence of light-induced scattering on m
rial parameters and their dependence on spatial frequencK,
Eq. ~1! fits the experimental data remarkably well. In th
following we will consider only the steady-state limit whe
the transmission does not change any more. Figure 2
photograph of the intensity pattern on a screen placed 50
behind the crystal. The most prominent feature is that pr
tically the whole scattered intensity is distributed along
direction parallel to thec axis of the crystal~pointing up!.
This structure is well known and was originally namedc axis
scattering. For media with nonlocal response it can usu
be described in the framework of a one-species mode
taking into account the tensorial nature of the electro-op
dielectric, elasto-optic, and piezoelectric properties.8 How-
ever, in LiNbO3:Fe a puzzling point remains: The fact th
the scattered intensity is amplified along both directions,

FIG. 1. Time dependence of the transmitted intensity during
writing process of parasitic gratings using extraordinarily polariz
light of lp5488 nm with an intensity ofI p50.2 W cm22. The
solid line is a fit according to Eq.~1!.

FIG. 2. Steady-state far-field intensity distribution of amplifi
scattered light induced by a pump beam (lp5488 nm) propagating
through a LiNbO3 :Fe sample along a direction perpendicular to t
c axis ~pointing upwards!.
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1c and 2c direction. Possible models to explain this ph
nomenon are given in Refs 9 and 10.

We focus on a different point: the angular and spec
dependence of the transmitted intensity when reconstruc
the parasitic hologram at low intensity~reading!. Such inves-
tigations have previously been performed on standard h
graphic photoplates6,7 or silver halides.11 However, those
substances are isotropic and need a chemical fixing pr
dure during which the structure shrinks. This complicates
analysis of the results. As such difficulties do not occur
photorefractive crystals, we obtain more direct and defin
information about the phenomenon.

The general experimental setup and the geometry
sketched in Fig. 3. The mutually orthogonal rotation ax
(v,f), the wave vectors of the incident@qp5(qx,0,0)# and
the scattered (qs) beams, as well as the far-field scatterin
pattern are presented schematically.

As a starting point we performed measurements of
transmitted intensity as a function of the RA. The rotati
axis thereby was parallel to the crystallographicc axis of the
crystal, the wavelength and the polarization of the be
were kept unchanged with respect to recording, whereas
intensity was decreased to 1026 W cm22 in order to keep
changes of the parasitic refractive index structures during
investigations negligible. Rotation angles with respect to t
geometry we denote byv; a superscriptm denotes the per-
tinent angles of incidence within the crystal~see Fig. 3!.

In Fig. 4 the circles~top scale! show the transmittance fo
a writing and reading wavelengthlp5l r5488 nm. Another
measurement usinglp5l r5514 nm led to a very similar
curve not shown here. The transmission curve is symme
with respect to the origin with a full width at half maximum
~FWHM! of Dvm523 mrad. We expect that this value d
pends on the thickness of the gratings, and hence on
geometrical thickness of the crystal. Note that the minim
of the transmission appears at zero RA.

In a second step we performed a rotation around an
perpendicular to thec axis which we callf rotation. All
other conditions are kept unchanged compared to the pr
ous measurement. The main difference is evident from Fi
~crosses, bottom scale!: The FWHM is nearly an order o
magnitude smaller. The transmittance is shown as a func
of the RAfm with v50. The curve is again symmetric; th
FWHM is Dfm53.2 mrad. The slightly different transmit
tance values at zero RA forv andf rotation, respectively,

e
d

FIG. 3. Sketch of the experimental setup and geometry for tra
mission measurements during recording and reconstruction.
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15 780 PRB 61M. FALLY et al.
result from the fact that for technical reasons we had to e
the gratings and to record them again prior to changing
rotation axis. Thereby we did not hit the identical spot of t
sample.

We summarize at this point that if writing and readin
wavelength coincide, the transmission curves are symme
with respect to a rotation either parallel or perpendicular
the c axis but differ tremendously in half-width.

Next we determine the angular dependence of the tra
mission for a reading wavelength differing from the writin
one. This is interesting as frequently reading and record
wavelength are not the same in standard holography t
niques. The recording wavelength of the parasitic grati
was chosen to be eitherlp5514 nm orlp5488 nm. We
then performed measurements of the angular depend
~rotation aroundc axis! of the transmittance for six differen
reading wavelengths ofl r5514, 501, 496, 488, 476, an
458 nm.

Let us first consider the case wherel r<lp5514 nm. The
results of the measurements are shown in Fig. 5~a!. The
transmission curves have two minima at RA’s which diff
from zero RA ~origin!. The curves remain symmetric wit

FIG. 4. Transmitted intensity as a function of the RA forlp

5l r5488 nm: for a rotation axis parallel to the optical axis (v,
open circles, top scale! or for a rotation axis perpendicular to th
optical axis (f, crosses, bottom scale!.
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cerespect to the origin and reveal a maximum there. The
v0 at which the minima occur increases as the wavelen
deviates from the writing wavelength.

Finally we employed the situation where the waveleng
of the reconstructing light wave is either higher, equal,
lower than the writing wavelengthlp5488 nm. Performing
such an experiment leads to the transmission curves w
are shown in Fig. 5~b!. The curves which have been reco

FIG. 5. Transmitted intensity as a function of the RAv for
different reading wavelengths~cf. text!. ~a! Recording wavelength
lp5514 nm; l r<lp . ~b! Recording wavelengthlp5488 nm; l r

>lp or l r,lp . ~c! RA v0
m of the minimum transmitted intensity

for lp5488 nm~solid triangles! andlp5514 nm~crosses!.
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PRB 61 15 781CHARACTERIZATION OF PARASITIC GRATINGS IN LiNbO3
structed withl r,lp resemble clearly the behavior of th
previous case: two minima at RA’sv0Þ0. However, for
l r>lp only one minimum shows up atv050, and the
transmission value increases rather fast as the wavele
increases. In Fig. 5~c!, the measured RA’sv0 of the mini-
mum transmittance for various reading wavelengths and
two writing wavelengths are plotted. The values of1v0 and
2v0 which are presented do not differ within the limit of th
error.

III. MODEL

The aim of this section is to outline a simple phenome
logical ~geometrical! model—based on the Ewald constru
tion as developed in Refs. 6 and 7—which is able to expl
the main features of the experimental observations and to
it for further predictions concerning the optimum reconstru
tion technique of standard holograms.

For simplicity let us assume that the pump beam is
plane waveEp(qp)exp(iqp•x)5(0,0,Ep)exp(iqxx) with am-
plitudeEp and wave vectorqp . For elastic scattering withou
change of the polarization mode~so-called isotropic scatter
ing! the scattered field generated by the pump wave may
described by* uqsu5V/cd

2qsEs(qs)exp(iqs•x), whereV is the
angular velocity. On the one hand, it seems hopeless
model holographic scattering because the scattered w
field has a complicated,ab initio unknown structure. On the
other hand, an analysis is facilitated by the fact that we ar
the limit of small modulation, i.e.,um(K)u!1 holds
for the complex function of the modulationm(K)
5Ep* (qp)•Es(qs)/I 0 which characterizes the interference
the pump beam with the scattered wave field. HereI 0 de-
notes the total intensity. In this limit of small modulation th
field dn(x) of the refractive index changes resulting from t
photorefractive effect in media with Pockels effect is p
dominantly the linear response of the interference patter
the pump beam and the scattered wave field, i.e., for
Fourier transforms of the refractive index change and
linear-response functionR of the photorefractive effect, the
relationshipdn(Q)5R(Q)m(Q) holds. As a consequence
dn(Q) can differ from zero only forQ5K5qs2qp . In iso-
tropic media nonzero values can therefore only be expe
on spheres with radiusuqpu5qx5V/c52pn/lp and centers
at Q05(6qx,0,0). The second sphere with its origin a
(1qx,0,0) represents the complex-conjugate contributi
for which dn* (Q)5dn(2Q) holds sincedn(x) is a real
function. It results fromm* (K)5Ep(qp)•Es* (qs)/I 0. As the
first sphere is related to the reconstruction of the hologr
and the second one to the generation of the optical ph
conjugate, they are sometimes called the spheres of the
mary and the conjugate images. In uniaxial crystals l
LiNbO3:Fe, the surface with nonzerodn(Q) forms two el-
lipsoids. For the following discussion we disregard this de
as it is not relevant for the main features we want to discu
However, we account for it in our calculations.

The necessary condition for the holographic scatter
process to take place is thatR(Q)Þ0. This being fulfilled
with the amplitudeEs(qs), the modulationm(Q) and hence
dn(Q) may increase with time, too. The region of the rec
rocal space with optimum conditions for holographic amp
th
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fication can then simply be read off from the stationary
tensity distribution at the end of the process, which is
kx-kz plane in our case according to Fig. 2. The loci wi
largestdn(Q) are the intersection of this plane with the tw
spheres discussed above, i.e., they form two circles lying
thekx-kz plane with centers atQ05(6qx,0,0), which will be
called the ‘‘writing circles’’ in what follows.

Let us assume that a monochromatic plane wave with
intensity enters our crystal in which those parasitic ho
grams have been recorded. The intensity of the light s
tered at each refractive index grating contains the inform
tion on the previously generated structure and is proportio
to the square of the Fourier transform of the grating. T
structure factor of the parasitic volume holograms is cal
lated for a crystal of thicknessd and a uniform refractive
index changedn(x)5dn5const along the propagation d
rection as

I ~k!}@F$dn%~k!#25S dn
sin~kd/2!

kd/2 D 2

. ~2!

As we have to deal with a host of gratings with differentK
vectors, which are represented by the writing circles, we
sume that the structure factor is equally distributed alo
those circles. We are aware that this is a simplification, as
know that refractive index gratings cannot be generated
certain directions for symmetry reasons. Nevertheless,
expect that the overall behavior will be revealed. Additio
ally, from the experimental observation~Fig. 2! we estimate
that the largest contributingKmax vector corresponds to a
scattering angle ofQmax

m '30° @cf. Fig. 3, Fig. 6~a!#. More-
over, we account for intensities rather than for amplitud
and phases. A consequence of the finite thickness of the g
ings is that the width of the structure factor is finite, propo
tional to 1/d, and resembles a ‘‘cake’’@cf. Fig. 6~c!#. This
region represents the part of the reciprocal space from wh
intensity can be supplied to a scattering process. Note
the writing circles in fact are smeared out and are rathe
weighted circular ring.

Now we apply the Ewald construction to our problem:
reciprocal space the energy and momentum conservation
the scattering process is geometrically described by a sp
of radiusQr52pn/l r with its center in a pointQ0 ~‘‘read-
ing sphere’’!. The origin of the reciprocal space is always
element of both geometrical objects, namely the writi
circles and the reading sphere. The totally scattered inten
is given by the integral value of the regions which conta
intensity ~writing circles! and satisfy the Bragg condition
~reading sphere!. Therefore, we have to consider only th
intersection of the reading sphere with thekx-kz plane, which
we call the ‘‘reading circle’’. Therefrom it is immediately
evident that we obtain a maximum intensity of the scatte
light if one of the writing circles and the reading circle a
identical. In fact, by varying the parametersv,f, andl r we
probe thek dependence of the structure factor integra
over the contour of the reading circle and hence obtain
formation on the gratings. Considering a variation of the p
rameterslp ,l r ,v,f in which we are interested, we end u
with a scenario that is schematically presented in Figs. 6~a!
and 6~b!. In this picture the gray rings are the writing circle
and its gray scale symbolizes the intensity distribution in
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FIG. 6. Geometrical representation of the different scatter
geometries performed in the experiments. The faint rings repre
a projection of the structure factor~writing circles! onto thekx-kz

plane. The ratio of the width to the radius is strongly exaggera
The reading circles correspond to the following cases:~a! l r

5lp ,vÞ0,f50 ~full line! andl r5lp ,v50,fÞ0 ~dashed line!.
~b! v50,f50: l r.lp ~full line!; l r5lp ~dotted line!; and l r

,lp ~dashed line!. ~c! Structure factor distributionI (kx ,kz).
kx-kz plane of the reciprocal space according to Eq.~2!. Note
that the width is strongly exaggerated for the sake of a be
representation. The intersection of the Ewald sphere w
that plane~the reading circle! is shown for the two different
rotation axes: the bold solid line represents the reading ci
for v rotation, i.e., a rotation of the Ewald sphere out of t
plane. The intersection results in a circle of smaller radius
compared to the reading circle atv50; it shrinks. The
dashed line, on the other hand, results from the intersec
of the Ewald sphere with thekx-kz plane if we rotate the
crystal perpendicular to thec axis (f rotation!. Unlike in the
previous case, such an operation yields a circle of cons
radius rotating around the origink50 of the reciprocal
space. In Fig. 6~b! we show the case ofv5f50 for three
different reading wavelengths: The dashed line represen
wavelengthl r,lp hence having a bigger radius of the rea
ing circle in reciprocal space, whereas with the solid li
l r.lp it is vice versa. The white dotted line is related to t
casel r5lp . Note that to some extent anv rotation is
equivalent to a change of the wavelength. Some partic
cases will be discussed in the next section.

The scattered intensityI S is proportional to the overlap o
the structure factor~writing circles! and the Ewald sphere
~reading circle!. To obtainI S(f,v,lp ,l r) we integrate the
function of the structure factor of Eq.~2! along the reading
circle:

I S~f,v,lp ,l r !5E
C
I „kx~g!,kz~g!…dg ~3!

with C a rectifiable path along the reading circle, whereg
parametrizes that contour. Normalizing the total intensity
1, the transmittance is given by 12I S .

IV. DISCUSSION

Even without any calculation, we can already understa
the main results of the experiments given in Sec. II qual
tively: The shape of the transmission curves forlp5l r , the
difference of the FWHM forv rotation andf rotation, re-
spectively, and the double-minimum structure forl r,lp .
The model’s predictions can be summarized as follows.

~i! For l r5lp and a rotation around an axis parallel to t
polar axis of the crystal (v rotation!: The radius of the read
ing circle shrinks according toQr(v)5Qr(v50)cos(v) ~in-
tersection of the Ewald sphere with thekx-kz plane! and its
center moves towards the origin of the reciprocal space l
wise @Fig. 6~a!, solid line#.

~ii ! For l r5lp and a rotation around an axis perpendic
lar to the polar axis of the crystal (f rotation!: The radius of
the reading circle remains constant but its center moves
an auxiliary circle with radiusQr around the origin0 of the
reciprocal space@Fig. 6~a!, dashed line#.

~iii ! For l r,lp ,f50,vÞ0: The reading circle is large
than the writing circle, so that an additionalv rotation will
lead to a shrinkage of the reading circle. Therefore, a
certain angle6v0Þ0 the reading and writing circles wil
perfectly coincide, i.e., we obtain maximum diffraction fo
that angle leading to a double minimum structure in t
transmission curves@cf. Fig. 5~a! and Fig. 8#.

~iv! For l r.lp ,f50,vÞ0: The reading circle is smalle
than the writing circle. Therefore, the maximum diffractio
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PRB 61 15 783CHARACTERIZATION OF PARASITIC GRATINGS IN LiNbO3
will occur at v50 but will be much less than in the cas
l r5lp @cf. Fig. 5~b! and Fig. 8#.

In Fig. 7 and Fig. 8 the calculated transmission curves
the various cases discussed above are shown. Figure 7
onstrates that the FWHM of the transmission curves depe
strongly on the rotation axes. This can be understood
having a look at Fig. 6~a!: A rotation parallel to thec axis
(v, solid line in Fig. 7! diminishes the overlap of the writing
and reading circles much less than af rotation~dashed line
in Fig. 7! for the same angle. Hence the angular depende
of the resulting transmission curve of the latter is much m
sensitive to deviations from the writing geometry. In Fig.
the v dependence of the transmittance is shown for all p
sible relations between reading and writing wavelength.
already stated above, the shrinkage of the reading circle le
to a double minimum structure. The valuev0 of this mini-
mum transmission can be calculated easily to be

v0
m5arccosS Qp

Qr
D . ~4!

From Eq.~4! two aspects are interesting: The valuev0 of the
minimum depends only on the ratio of the writing and rea
ing wavelength~and the dispersion of the refractive index!,
and forl r.lp the right-hand side of the equation becom
an imaginary number. That is what we observe in the m
surements: The minimum appears atv050 in this case.
Comparing the experimental data@Fig. 5~c!# to the predic-
tions of the model, we have to admit that only a qualitat
agreement is found. A quantitative comparison between
experiment and the model cannot be established. The ev
ation of the minima for the different available writing wav
lengths shows that the calculation leads to a much fa
movement of the minima than observed in the experime
Moreover, the depth of the minima should remain const
according to the model as we reach full matching of
reading and writing sphere in any case. The reason for
quantitative disagreement is quite obvious: For the model
assumed that the intensity of the scattered light does
extend to theky direction, which is a simplistic view of the

FIG. 7. Calculated transmittance as a function of the RA
different rotation axes:vm rotation ~solid line! and fm rotation
~dashed line! with lp5l r5488 nm,d52.55 mm.
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experimental result shown in Fig. 2. Therefore, the mo
describes a limiting case where the scattering wave vec
qs are restricted to a plane~two-dimensional! in contrast to
the standard case~three-dimensional! as, e.g., realized ex
perimentally in strontium barium niobate.1 In the latter, one
would expect the same angular dependence of the trans
sion for any rotation axis and the identical behavior f
lp /l r and l r /lp , respectively. LiNbO3:Fe reflects the
main features of the two-dimensional case, but to describ
behavior quantitatively it is necessary to account for the c
tribution of the wave vectors pointing out of thekx-kz plane.
Another feature particular to LiNbO3:Fe which can be seen
from Fig. 2 concerns the scattering pattern with respect to
1c and2c direction. From the viewpoint of symmetry, a
amplification of scattered intensity is allowed only along o
of those directions. The experiment refutes that argument
a fully symmetric pattern does not appear either. We did
account for such an asymmetry in our model as there is
need when describing the data presented in this work. M
suring the transmittance usinglpÞl r and performing af
rotation should reveal that asymmetry. Investigations on t
problem as well as on the polarization dependence of
holographic scattering process are in progress.

In conclusion, we have measured the angular and spe
dependence of the transmitted intensity in LiNbO3:Fe in the
presence of parasitic gratings. The FWHM of the transm
sion is an order of magnitude lower when rotating around
axis perpendicular to the polar axis than it is when rotat
around an axis parallel to it. By reconstructing the hologra
with reading wavelengths higher than the writing wav
length, holographic scattering can be suppressed subs
tially. Otherwise a double minimum structure in the tran
mission curve appears. A model based on the Ew
construction qualitatively explains the obtained results.
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