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The influence of extremely large, externally applied electric fields
onto the electrooptic and photorefractive properties of iron-
doped lithium-niobate crystals is investigated using reflection
holography. The impact of an active feedback method used for
interference fringe stabilization during holographic recording
is studied. We show that extremely large fields increase the
photorefractive sensitivity S up to 40 cmJ~! and saturation values
of the refractive-index changes Ans to 12 x 10~%4. Furthermore,
the feedback system introduces a frequency shift between the two
recording beams and modifies the photorefractive response of the
crystals.

Iron-doped lithium-niobate crystals are of substantial
interest for applications in many fields of optics, such
as holographic data storage [1], integrated optics [2],
or telecommunication [3]. In iron-doped, photorefractive
lithium-niobate (LiNbQO3) crystals light excites electrons
from Fe?" sites. The electrons migrate due to the drift in
externally applied and internal electric fields, diffusion,
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Fig. 1. Schematic illustration of the crystal mount used in our

experiments

and the bulk-photovoltaic effect. Finally, they are
caught by Fe?* ions. A space-charge field Esc builds up
and changes the refractive index n by the electrooptic
effect [4-8]. For no or moderate externally applied
electric fields the processes are well known; they can be
described using the so-called one-center model [9,10]. For
applications, large refractive-index changes An for small
amounts of light are desired. Thus, the photorefractive
sensitivity S is an important quality measure, where S
is defined as

:Iid% fort <7, (1)
with I as the light intensity, d as the crystal thickness, n
as diffraction efficiency, ¢ as time, and 7 is the recording
time constant. High S values are required for sensitive
recording.

It is well known that external electric fields yield
additional drift currents and hence influence the
photorefractive performance. However, it was so far
unknown what are the highest fields that can be applied
to LiNbOj crystals and how the material behaves for
extremely large fields. The goal is to improve the
photorefractive properties significantly.

All our investigations are performed using
congruently melting, single-domain, iron-doped LiNbQOj3
crystals. The iron content covers the range cpe =
(18—56)x10%* m—3. The sample size is 10x10x0.22 mm,
where the crystalographic ¢ axis is oriented along the
0.22 mm length (so-called z-cut geometry). We utilize
two plane waves of ordinarily polarized light, emitted
by an argon-ion laser at A = 488 nm, for our holography
experiments. To mount the crystal and to apply large
external electric fields, a sample holder illustrated in
Fig. 1 is used. The crystal is clamped between two
PMMA slabs using silicon O rings; the surfaces are
contacted by means of liquid electrodes. Electric fields

IThis article is dedicated to Professor Marat Soskin on the occasion of his 75th birthday.
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Fig. 2. Voltage applied to the piezoelectrically supported mirror for
the utilized active feedback-controlled stabilization system vs time
t. Two different electric fields have been applied. After some time,
a constant drift of the mirror is observed

up to 65 kVmm™!' are applied. Using larger fields
(> 70 kVmm™!) yields electric breakdowns and crystal
damage.

The setup is used to record elementary reflection
holograms by interference of two plane waves. For
subsequent readout of the recorded hologram, just one
of the recording beams is used while blocking the
second one. The light intensities of the transmitted and
diffracted light beams behind the crystal, It and Ip,
allow one to calculate the diffraction efficiency n =
In/(IT + Ip) and thus to obtain the refractive-index
amplitude An [11].

Additionally, we apply an active feedback loop to
stabilize the interference pattern against mechanical
disturbances [12-14]. This feedback configuration uses
beam-coupling signals, obtained by a photodiode in one
of the two transmitted recording beams, to correct for
shifts in the phase between the light intensity and
refractive-index pattern. The phase of the light pattern
can be adjusted by a piezoelectrically driven mirror that
changes the phase of one of the writing beams.

Using reflection geometry, a significant motion of
the piezoelectrically driven mirror during the recording
process is observed. We monitor the voltage of the
mirror. Fig. 2 shows the voltage measured vs time for
two different recording experiments using two different
values of the externally applied electric field Fexy.

After some time when transient effects have stopped,
a constant drift of the mirror is observed. This
causes a frequency detuning of the light reflected by
the mirror. For no external electric field, a negative
value of the detuning is measured; for large fields
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Fig. 3. Frequency detuning of the piezoelectrically supported
mirror vs externally applied electric field Fext

E.. positive values are obtained. Fig. 3 shows the
frequency detuning plotted for different applied electric
fields [14].

The frequency detuning has a linear dependence
on Fey. This yields a moving interference pattern
and thus a moving space-charge grating. Hence, the
stabilization system causes a resonant enhancement of
the photorefractive response in the crystal which leads
to a maximization of the diffraction efficiency [14].

To check whether we have to consider solely the
linear electrooptic effect or if contributions of the
quadratic electrooptic effect have to be taken into
account at these high external fields, one hologram is
recorded and thermally fixed to make it stable against
the readout with the writing light wavelength [15, 16].
This hologram is read out for different external electric
fields Eext. Changing the field, the Bragg angle under
which the hologram has to be read changes, too. Thus
the crystal has to be turned by a certain angle AOg
to achieve the best diffraction efficiency. Fig. 4 shows
the angular position change AOp vs Fey. A linear
dependence is found within the measurement accuracy.
Thus we conclude that we can neglect any influence of
the quadratic electrooptic effect, because a non-linear
behaviour of A@g with increasing Fey; must be present
otherwise [17].

Finally, we measure the photorefractive properties
with externally applied fields. In particular, we
investigate three crystals with the same iron content
(cre = 56x10%* m~?), but different ratios of filled (Fe?*)
and empty (Fe3") traps, cpez+ /cpes+. First, we measure
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Fig. 4. Change of the readout Bragg angle A®p vs externally
applied electric field Fext for a thermally fixed reflection hologram

the saturation values of the refractive-index changes Ang
for various fields Fey;. The result is shown in Fig. 5 [18].

After going through a minimum, values of up to
almost 12 x 10~* are obtained. The Ans values with
large field are considerably larger compared to that
at zero field. However, for very large Feyt, the values
for Ang saturate. The minimum of the Ang(Fext)
curves indicates the bulk-photovoltaic (PV) field Epy
[10]: Here, Epy is cancelled by the field Feyx, and
the remaining effect is quite small, dominated by
diffusion.

Fig. 6 shows the sensitivity S for different
concentration ratios cpez2+ /cpes+. We find that S grows
strongly; the best values approach S = 40 cmJ~!. For
very large fields FEeyxy the sensitivity is still growing.
In general, samples that have been reduced (large
Cre2+ [Cres+ Tatio) show a higher sensitivity. Again, a
minimum in the case of Epy = Feuyy is obvious.

Our results show: External electric fields of up
to 65 kVmm™! can be applied to LiNbOjs crystals.
Writing reflection holograms in an efficient way utilizing
a feedback-controlled active stabilization system is
feasible. The feedback loop introduces a frequency shift
which is determined by the externally applied electric
field Eexs. Any impact of the quadratic electrooptic effect
does not have to be considered.

The values for the refractive-index changes Ang can
be improved up to 12 x 10~*. Without field, the best
value is 7 x 10~* [19]. It is possible to understand this
phenomena taking the well-known one-center model and
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Fig. 5. Saturation values of the refractive-index changes

Ang vs externally applied field FEext. The symbols represent
experimental data; the lines are fits using the standard one-center
model equations [9,10,17]

its equations [9,10,17] to describe the data, as indicated
by the lines in Fig. 5:

Eexi + Epy + ¢Ep

Bse= =B, i By ®
E,  Ey I

with Epy = jpv/opn as the bulk-photovoltaic field
defined by the bulk-photovoltaic current density jpv
and the photoconductivity opn, Ep = kT K/e as
the diffusion field with K as the grating vector, and
with Eq = e/(ecoK)(1/cpez+ + 1/cpes+)™" and E} =
e/(eeoK)cpe2+ as the space-charge limiting fields. For
very large external fields Feyy the equations yield
Esc = —E, with E representing the space-charge field
limiting field. Thus, for increasing field, the values for
Esc and thus for Ang reach a saturation level.

In a similar way, the sensitivity S for different
applied fields can be understood. Fig. 6 contains the fit
curves, obtained with the use of the one-center model,
as the solid lines:

S = a[(Eext + Epv)® + ER]'/? (3)
7rn37“113

=0 2 4

= ST ncosor’ )

with n, as the refractive index for ordinarily polarized
light, r113 as the electrooptic coefficient, A as the
light wavelength, and 6 as the anlge between the
light beam and the surface normal of the crystal. The
model describes the measured data in a very convincing
manner. However, in contrast to Ang, the sensitivity S
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Fig. 6. Sensitivity S vs externally applied field Eext. The symbols

represent experimental data; the lines are fits using the standard

one-center model equations [9,10,17]

is not limited; larger fields increase S. For very large
values for Fext, we get S o« Feyt, which agrees with the
experimentally found facts. Our value of S = 40 cmJ*
exceeds the best values obtained without field by a factor
of 4.

In conclusion, the application of very large external
electric fields to LiNbOjz doped with iron is a very
promising way to provide a holographic storage material
with a large dynamic range and sufficient sensitivity.
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EJIEKTPOOIITYHI TA ®OTOPE®PAKTUBHI
BJIACTUBOCTI KPUCTAJIIB HIOBATY JIITIIO
3 JOMIIIKOIO 3AJII3A B HAJITIOTY2KHIUNX
SOBHIMNIHIX EJIJEKTPUYHUX ITIOJIAX

M. Jhorwneman, K. Iatimmarn, Y. Xapmeiz, K. Byse
Peswowme

BonuB HaAODOTYKHHX 30BHINIHIX €JTeKTPUYHUX IOJNIB Ha eJIeK-
TpoonTuuHi Ta (oTopedpaKTUBHI BIACTHBOCTI KpuCTaJIiB HioOa-
Ty JIiTiI0, JETOBAHUX 3aJ1i30M, JOCII2KEHO 33 TOMOMOTOI 3AIHUCY
BimOUBHUX rojiorpaM. BUBYEHO BILIMB METO/LY aKTHBHOI'O 3BOPOT-
HOTO 3B‘S3KY, KUl 6y/I0 BUKOPHUCTAHO [ cTabimizamii iHTepde-
penmniifinol kapTuHU mijg dac rosiorpadiunoro 3amwmcy. [lokazaHo,
1[0 HAJMOTYXKHI €JIeKTPUYHI 1oJs 30iMbIIyI0Th (hoTOpedpaKTHUB-
uy ayramsicts S g0 40 cv- JIx !, a 3mavenus macuueHHs 3MiHM
nokasHuKiB 3amommenns Ans — go 12 x 10~%. Oxpim Toro, cu-
cTeMa 3BOPOTHOrO 3B‘S3KY BHOCHUTH YACTOTHHE 36iif Mixk nBoma
3aNHUCYIOYNMH IPOMEHSMH Ta 3MiHIOE doTropedpakTuBHmU Bigryx
MAHUX KPHUCTAJIB.
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