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Abstract

Two counterpropagating light waves are used for recording reflection
gratings in optical-damage-free lithium niobate crystals with a periodically
alternating direction of the spontaneous polarization axis. In samples with
the domain lattice vector aligned along the O X axis the reflection grating
can be written only if the recording waves are tilted with respect to this axis.
For a 1 mm thick sample a few per cent diffraction efficiency is achieved

with ordinarily polarized recording and readout beams.
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1. Introduction

Since the first publication on holographic grating recording
in lithium niobate [1] that appeared in 1968, for years only
perfectly poled single-domain crystals have been used for this
purpose. Three years ago it was shown experimentally that
multidomain ferroelectric photorefractive crystals may ensure
the recording of high efficient holographic gratings, too [2], if
the space charge formation is governed by the bulk photovoltaic
effect[3,4]. Moreover, multidomain crystals with a symmetric
domain lattice, i.e. domains with one direction of spontaneous
polarization are the same size as domains with the opposite
orientation of spontaneous polarization, show an important
advantage compared to bulk homogeneously poled material:
they are free of optical damage [5] for laser beams with
transverse dimensions much larger than the domain lattice
period. This may allow us to overcome the serious drawbacks
in the use of photorefractive crystals, e.g. for coherent
metrological purposes and for archival optical data storage.

Until now only the recording of transmission gratings has
been reported [1]. The parametric scattering that has been
observed in periodically poled lithium niobate [6] was also
a consequence of transmission grating recording [6, 7]. The
purpose of this paper is to investigate whether PPLN samples
are suitable for reflection grating recording and to find an
optimized recording geometry for reflection grating recording.
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2. Experiment

2.1. Experimental technique and PPLN samples

In the experiment the unexpanded light beams from the
frequency doubled diode pumped Nd**:YAG laser (single-
mode, single-frequency, A = 0.53 um, 100 mW output power,
approximately 1.5 mm beam waist in the sample) are used
for holographic grating recording. A 1 mm thick sample is
cut from a periodically poled lithium niobate (PPLN) crystal
K243 synthesized in the Physics Department of Moscow State
University. It contains 0.74 wt% of yttrium and 0.06 wt%
of iron. Figure 1 represents the visualization of the domain
structure: the relief of the chemically etched [010] face is
shown by the grey density pattern. The input/output optically
finished sample faces [100] are parallel to the domain walls;
the axis of spontaneous polarization is parallel to the domain
walls while the x axis is normal to the domain walls. The
domain lattice period is approximately L ~ 15 pum.

Note that the iron content in the crystal K243 is ten times
larger than in the crystal K-241 for which the suppression
of optical damage was reported [2]. That is why at first the
divergence of the single beam transmitted through the PPLN
sample was checked: no increase in the beam spot in the far
field was detected, neither with ordinarily polarized nor with
extraordinarily polarized light.

In grating recording experiments two recording beams
(with wavevectors k; and k) impinge upon the sample in the
X OZ plane, OZ being the axis of spontaneous polarization
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Figure 1. Image of the etched [010] face of PPLN:Fe:Y showing
the periodic domain structure.
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Figure 2. Schematic representation of reflection grating recording
with two counterpropagating light waves. k; and k, are the
wavevectors. Arrows inside each domain indicate the direction of
spontaneous polarization.

and O X normal to the domain walls (see figure 2). The two
waves are polarized identically, either normal to the XOZ
plane (ordinary waves) or in the X OZ plane (extraordinary
waves). They can be tilted to a certain angle o, roughly
within the interval —60° < a,; < 60°. For any particular
tilt angle a grating is recorded until saturation (which usually
takes several minutes) and then its diffraction efficiency is
measured with only one of the two recording waves as a ratio
of the diffracted signal intensity to the total intensity of the
transmitted and diffracted beams. The experimental procedure
is similar to that used to study reflection hologram recording
in bulk homogeneously poled iron-doped lithium niobate [8].

2.2. Experimental results

In the standard geometry for reflection grating recording in
LiNbO; the grating vector K = k; — k; is aligned along the
O Z direction [8]. For PPLN used in the present experiments
this is an unfavourable orientation because of the considerable
diffraction of the recording light from the charged domain
walls. For the same reason the recording of a grating with K
along the OY axis is undesirable. Therefore, we started with
recording by waves aligned along the O X axis (i.e. normal to
the domain walls) or tilted in the X O Z plane.

0.04 T T T . .
ordinary waves

0.02F

Diffraction efficiency

L L [ ) L
30 20 -10 O 10 20 30
Tilt angle inside sample, deg
0.05 T T T T T

extraordinary waves

o

(e}

e
T

I

S

fos}
T

Diffraction efficiency
=
[\S)

30 20 -10 O 10 20 30
Tilt angle inside sample, deg

Figure 3. Angular dependence of the diffraction efficiency for
recording and readout with ordinarily polarized waves (a) and with
extraordinarily polarized waves (b). Full curves represent the fit of
the calculated dependences (see discussion).
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Figure 4. Beam ratio dependence of the diffraction efficiency for
recording and reconstruction with ordinarily polarized waves and
o, = 60°. The full curve represents the fit of the calculated
dependences (see discussion).

Figures 3(a) and (b) show the measured angular
dependence of the diffraction efficiency for two polarizations
of the recording and readout waves, ordinary and extraordinary,
respectively. Here « stands for the angle between the sample
face normal and the light propagation direction inside the
sample and is related to «,;; according to the refraction law.
In both cases the diffraction efficiency at normal incidence
a = 0 is close to its minimum value. The dependence
for extraordinary waves is obviously asymmetric while the
dependence for ordinary waves is roughly symmetric. The
largest diffraction efficiency achieved is 0.04.

Adjusting a fixed o,y = 60° we measure the dependence
of the diffraction efficiency on the beam intensity ratio. A
typical bell-shaped dependence is obtained with the maximum
at the highest possible fringe contrast (figure 4).

The image bearing beams were also used for hologram
recording.  Figure 5(a) shows the reconstructed image
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Figure 5. Image of an USAF resolution chart reconstructed from a
reflection hologram recorded with ordinarily polarized light waves
in PPLN:Fe:Y (a). Magnified fragment of the image transmitted
through the PPLN:Fe:Y sample (b) and reconstructed image of this
fragment (c).

of a complete USAF resolution chart. The fragment of
the magnified image transmitted through the PPLN sample
is shown in figure 5(b) and the image of this fragment
reconstructed from the reflection hologram is presented in
figure 5(c). The bars of element 6 of group 4 (28.5 um) are
well resolved. The comparison of figures 5(b) and (c) shows
that the resolution is limited not by the PPLN crystal itself but
by the quality of the optics used for image formation.

3. Discussion

Two coherent light waves with the electric fields

E] = e|A1 exp(iklr)

: ()]
E2 = e2A2 exp(lkzr)

that impinge upon the sample produce intensity fringes if
the polarization unit vectors e, meet the condition e; - e; = 1
and/or of the polarization fringes if this condition is violated.
Here A, stands for the complex amplitudes of the light waves,
k, for the wavevector of each wave and r for the propagation
vector. This spatial modulation of the light intensity or
polarization results in the excitation of a spatially modulated
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photovoltaic current:
Jji = BijEEL, (2)

where B, is a third rank photovoltaic tensor [4] and E =
E, + E, is the electric field of two waves. In turn, the
photovoltaic current redistributes charges inside the sample
and leads to the appearance of a space-charge grating with the
grating vector K = Kk; — Kk,. The static electric field of this
space-charge grating is

E¥(r) =j(r)/o, 3)
and it modulates the high frequency dielectric tensor:
A&, X I ES “)

i.e. the volume phase grating appears. Here ry,,, is a third rank
tensor of the linear electrooptic effect (Pockels effect) and o
is the crystal photoconductivity.

For small phase modulation, (rAnt¢/x) <« 1, the
diffraction efficiency of a grating is proportional to the light-
induced change of the high frequency electric permittivity (see,
for example, [9]):

n o (An)? « (A€)?. 3)

Here ¢ is the sample thickness. In turn, Ae is proportional
to the product of the effective electrooptic and photovoltaic
coefficients (see equations (4), (3) and (2)):

Ae x (reff:Beff)~ (6)

The last equation allows us to explain qualitatively why
an efficient grating recording is possible even in multidomain
ferroelectrics with the bulk photovoltaic effect. The signs
of both tensor components, rerr and PBeg, are sensitive to
the inversion of the spontaneous polarization direction; the
sign of the product (reffBer) remains, however, the same
in every two adjacent domains with opposite orientations
of the axis of spontaneous polarization. This leads to an
important consequence for photorefractive gratings: there is
no spatial shift between the gratings recorded in adjacent
domains. The structure of the index grating recorded in
a multidomain crystal repeats, to a first approximation, the
intensity distribution in the fringe pattern. The only difference
compared to the bulk homogeneously poled sample consists in
acomplete cancellation of the space charge field (and therefore
of refractive index variation) in close vicinity to the domain
walls. Intuitively it is clear that, with increasing period of
the domain lattice, the effect of the domain walls will become
smaller.

The theory predicts that the space charge field in
periodically poled lithium niobate with photovoltaic charge
transport reaches its largest possible value (the same as
in a homogeneously poled crystal) if the grating spacing
A becomes much smaller than the domain lattice period
L [10, 11]. The calculated first Fourier harmonic of the space
charge field (responsible for index grating which is Bragg-
matched to the recording waves) in periodically poled crystals
with photovoltaic charge transport is

Ex = —n,Ep[1 — 2G /7 K) tanh (7w K /2G)], (7



Reflection hologram recording in periodically poled LiNbO3: Y:Fe

pv

EM 10°F

1S3

" 10" L 1
- L/d L/A

] -2

i 107 ¢ i
8 a3

"E 107k J
O 10*[ ]
(]

8 (45

o 10 3 2 - ) - ) 3
] 10 10 10 10 10 10 10

Light Fringe Spatial Frequency K/G

Figure 6. Calculated dependence of space charge field on
normalized grating spatial frequency. The vertical lines show the
spatial frequency of the grating (with the grating spacing 0.1 pm)
and that for an unexpanded laser beam (with the beam waist

1.5 mm).

where G = 2m/L is the spatial frequency of the domain lattice,
K = 2w /A is the spatial frequency of the recording fringes
and E,, is an effective photovoltaic field [4]. The calculation
was performed for a transmission grating geometry with the
grating vector parallel to the OZ axis (unit vector n,) under
the assumption that E, is much smaller than the trap density
limited space charge field.

The normalized space charge field Ex /E,, is plotted in
figure 6 as a function of the normalized spatial frequency
(K/G). For small fringe spacing (large K/G) the space
charge field Ex approaches its ultimate value E,, that can
be reached in a single-domain crystal while for large scale
intensity variation (K < G) E is decreasing as [9, 10] Ex
(K/G)*>. We believe this conclusion is valid for arbitrary
mutual orientation of the photorefractive grating vector K and
domain grating vector G including K | G. We also suppose
that space charge limitations will not strongly reduce the space
charge field in our PPLN sample with a relatively large density
of iron impurity.

Let us consider now the angular dependences of the crystal
response to compare them with the experimentally measured
data. The general expressions for efficient electrooptic
constant and efficient photovoltaic constant are as follows:

— Y 0
Feff = rkmnek €, Vn (8)

and
Bett = Bije Ui€7€f ©)
¢

where ¢}, are the components of the polarization unit vectors
of the recording waves, superscripts ¢ = 1 and 2 denote
waves | and 2, respectively, and subscripts p = 1, 2, and
3 correspond to the Cartesian components of the grating unit
vector, v = K/|K].

For LiNbOs the real part of the photovoltaic tensor
(symmetric in the last two indices) has four independent
components [4]: B333, B311 = B322, Bazz = Ba11 = Pi21 and
Bis1 = Bii5- The structure of the electrooptic tensor is similar
to that of the photovoltaic tensor and the principal nonvanishing
Components are razs, i3 = 1223, 222 = F112 = F121 and
r131 = r311 [12]. Among all the mentioned tensor components
the smallest are 875, and B>, for the photovoltaic effect and 22,
for the electrooptic effect of LiNbO3:Fe. These components

will be neglected in our further considerations. Contracted
indices will be used for tensor components, with the two
indices referring to light polarization replaced by only one
according to the following rules: 33 — 3,22 — 2,11 — 1,
21 — 6,31 — 5and 32 — 4.

For the recording and readout with ordinarily polarized
light waves the expressions for the effective electrooptic and
photovoltaic coefficients are rather simple:

(10)

Bett = B3 sina. (11)

As the diffraction efficiency is proportional, according to
equations (7) and (8), to

Feff = 113 sin o

0 o (An)* o (resrferr)’. (12)
we obtain the angular dependence
n o (ri3Ba)’ sin* a. (13)

The full curve in figure 3(a) represents a fit of equation (13) to
the experimental dependence. Apart from the proportionality
constant in equation (13) two other fitting parameters are
introduced: a possible misalignment of the sample faces with
respect to the O Z axis (the fit gives the value Ax ~ 2°) and
background scattering that increases 1 values, especially in
the vicinity of « = 0, where the efficiency is negligibly small
(An ~ 0.0005).

For the recording and readout with extraordinarily polar-
ized light waves the expressions for the effective electrooptic
and photovoltaic coefficients are more complicated:

Feif = (r33 cOs> @ + 13 sin® o — 2rs; sina cosa) sina (14)

Beit = (B33 cos® a + B3 sin® @ — 2855 sina cos @) sina. (15)

For the angular dependence of the diffraction efficiency we
therefore obtain

: ri3 B3 .
n (r|3,83|)2 sm4a[cos4a +—"Zsin*a
r33 B33

S

riz B Tsi .

+ <— + P + —&> sin” « cos” o
33 Bz 133 P

7 S
— 2(i + %) sina cos’ o

r33 33
s 2
Bisriz .
i—) sm3acosa] .

/333 r33

r33 B33
To fit these relations to the experimental data of figure 3(b)
one needs to know at least the ratios of the electrooptic tensor
components to those of the photovoltaic tensor components.
Under the assumption that the presence of a large amount of
Y in our sample does not affect the ratios of the photovoltaic
coefficients we use the following data [8, 12—14]:

(16)

5 024

r33
@ ~ 1
B33

5100,

2 (17)

r33

The terms with 75/ B33 show negligible values.
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When fitting equation (16) to the experimental data we
referred to the already known error in alignment of the sample
faces Ao &~ 2°. The full curve in figure 3(b) represents the
result of the fit. As the beam fanning is always larger for
extraordinary waves than for the ordinary ones the fit gives
a larger amount for the background signal, An =~ 0.002.
It is obvious that it describes reasonably well the measured
dependence.

The beam ratio dependence (figure 4) may be well fitted
by a standard dependence typical for all media with a local
nonlinear response [15]:

_ 4m
- nmax (1 + m)2

n (18)
where m is the recording beam intensity ratio. This confirms
the initial assumption about the local nonlinear response of
PPLN which is due to photovoltaic charge transport.

4. Conclusion

It is proved experimentally that periodically poled iron doped
lithium niobate crystals can be used successfully for the
recording of reflection gratings.

The anisotropy of the photorefractive response that is
due to the tensor properties of the electrooptic effect and
the photovoltaic effect does not allow for recording and
reconstruction of a reflection grating with the grating vector
parallel to the crystal O X axis. The tilt of the sample to rather
large angles, up to 60° in air with respect to this axis, allows
us to reach a diffraction efficiency of 0.04.

The measured angular dependences for diffraction
efficiency that are in reasonably good agreement with the
calculated ones show a tendency for increasing efficiency
when the grating vector has a larger z-axis component. To
optimize the reflection grating recording it would be desirable
to synthesize PPLN structures with a lattice vector along the
axis of spontaneous polarization. The other, less efficient,
option is to use PPLN with spontaneous polarization tilted
with respect to the domain walls or to cut available crystals at
a certain angle to the domain walls.
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These results show the possibilities for high resolution
imaging as well as for information storage in photorefractive
crystals.
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