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Effect of annealing in two-center holographic recording
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Persistent holograms are recorded with red light in lithium niobate crystals doped with manganese
and iron. We find that the oxidation/reduction state of the crystal has a profound impact on the
recording and readout performance. The underlying physical processes are investigated and the
recording and readout responses are explained and optimized. ©1999 American Institute of
Physics.@S0003-6951~99!05325-5#
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Photorefractive materials are the best reversible stor
materials known so far and several holographic storage d
onstrators using iron-doped photorefractive lithium niob
(LiNbO3:Fe) were presented in the last few years.1–3 How-
ever, erasure of the holograms during readout has been
of the major problems in the practical realization of ho
graphic read/write memories. We recently proposed
method to solve this problem by using doubly dop
LiNbO3.

4 In this letter, we explain the effects of annealin
the crystal on the performance of the recently proposed t
center recording method.

In the recent work,4 LiNbO3 doped with manganes
~Mn! and iron ~Fe! was used. The energy band diagram
such a crystal is shown in Fig. 1. Fe and Mn ions occur in
valence states Mn21/31 and Fe21/31,5 and thermal depletion
plays no role in room temperature. Electrons can be exc
by ultraviolet light either from Mn21 or from Fe21 into the
conduction band while red light excites electrons only fro
the shallower Fe21. The conduction-band electrons can r
combine with both centers, and thus, ultraviolet illuminati
populates the Fe21/31 level partially while red light illumi-
nation empties the Fe sites. The filled Fe levels caus
broad-band absorption in the visible with a maximum a
477 nm wavelength.6 Thus, ultraviolet light sensitizes th
material while red light bleaches it. The basic idea of tw
center holographic recording is to bring with the ultravio
light electrons from Mn to Fe via the conduction band, u
these electrons to record the hologram with red light, a
eventually transfer the electrons from iron back to the m
ganese centers by red light. This results in a hologram sto
in Mn centers that persists against further red illuminatio

One of the key material parameters in two-center ho
graphic recording is the initial electron concentration in M
and Fe traps. These concentrations can be varied by an
nealing treatment.7 Since Mn traps are deeper in the ba
gap than Fe traps, electrons would fill the Mn traps before
traps when the crystal is reduced. For persistent hologra
recording, it is necessary that the final hologram be store
Mn centers. Therefore, it is essential that at the end of
annealing process all Fe traps be empty, and only a por
of the Mn traps be filled. To investigate the effect of t
oxidation/reduction state of the crystal we performed exp
ments with fourx-cut congruent LiNbO3 crystals doped with

a!Electronic mail: adibi@sunoptics.caltech.edu
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0.075 wt % Fe2O3 and with 0.01 wt % MnO. The crystal
were all from the same boule. The samples were stron
oxidized ~LN1!, oxidized ~LN2!, weakly oxidized ~LN3!,
and weakly reduced~LN4! by annealing at temperatures b
tween 700 and 1000 °C in oxygen or argon atmosphere
different times. Sample LN1 was 2.9 mm thick and all othe
were 0.85 mm thick. We used a 100 W mercury lamp as
sensitizing light source~wavelength 365 nm, unpolarized
intensity 14 mW cm22!, and a 35 mW HeNe laser for th
recording of the holograms~wavelength 633 nm, ordinary
polarization!. The absorption spectra of the crystals LN
LN3, and LN4 are shown in Fig. 2. The absorption spectr
of LN2 is very close to that of LN3, and is not shown
avoid confusion. Almost all traps in the highly oxidized cry
tal are empty, resulting in small absorption above 420 n
The absorption below this wavelength comes from the ba
to-band absorption of LiNbO3, electron transfer from the
valance band to Fe traps~hole generation!,8 and possibly
some absorption due to the remaining electrons in Mn tra
As we reduce the oxidized sample, more Mn traps beco
occupied by electrons, resulting in stronger absorption ab
420 nm~crystals LN2 and LN3!. As we continue to reduce
the sample, we reach a point where all Mn traps are occup
by electrons, and start to fill Fe traps with electrons. T
causes an absorption band to appear at about 477 nm.
absorption in this band becomes stronger as we cont
reducing the sample. The behavior observed in Fig. 2 imp
that LN1 has hardly any electrons in either trap, LN2 a
LN3 have partially filled Mn traps and empty Fe traps, a
LN4 has completely filled Mn traps and partially filled F
traps. Therefore, we expect to get poor results using ei
LN1 or LN4. However, LN2 and LN3 are intuitively appro
priate for persistent holographic recording.

We expect that UV illumination sensitizes LN2 and LN
for recording in red by transferring electrons from Mn to F
traps. Experimental evidence for this effect is shown in F
3, which is the absorption spectrum of LN3 before and af
UV sensitization. The occurrence of the broad absorpt
band at about 477 nm suggests electron transfer from M
Fe centers. If we illuminate the sensitized crystal with r
light, all electrons in Fe traps will eventually go back to M
traps, and the absorption spectrum of the crystal beco
identical to that before UV illumination. During holograph
recording, UV sensitization and red bleaching are simu
neously present. To record strong holograms, we need
7 © 1999 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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have an optimum balance between these two effects.
strong UV illumination causes rapid erasure of the hologra
while too strong red illumination results in too few electro
at the Fe traps, and hence, a weak hologram. The optim
balance between sensitization and bleaching is typically d
by choosing a correct red-to-UV intensity ratio. Due to lar
UV absorption of the crystal, the optimum intensity ratio
broad. Besides the intensity ratio, the oxidation/reduct
state of the crystal plays an important role. It is necessar
choose the right ratio between the concentration of the fi
and empty deep~Mn! traps to record strong persistent hol
grams.

To check the intuitive arguments mentioned above,
recorded holograms in the four crystals. The crystals w

FIG. 1. Energy-band diagram for a typical LiNbO3 crystal doped with Fe,
and Fe and Mn. CB and VB stand for conduction band and valance b
respectively.

FIG. 2. Absorption spectra for the differently annealed crystals LN1, LN
and LN4 before sensitization. The effect of Fresnel reflections has b
subtracted from the spectra.
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homogeneously preexposed to ultraviolet light for at least
before each experiment. Plane-wave gratings were then
corded and reconstructed. The ultraviolet light illuminat
the samples homogeneously; the HeNe laser light was
into two plane waves, which interferred at the crystal (1/e2

beam diameter 2.0 mm, transmission geometry, per
length of the grating 0.9mm, intensity of each beam 25
mW cm22!. The grating vector was aligned parallel to thec
axis of the sample. During recording, one of the HeNe bea
was blocked from time to time and the second beam w
diffracted from the written grating to obtain the diffractio
efficiencyh as the ratio between diffracted and total incide
light powers. After recording, UV and one of the red bea
are blocked and readout is performed with the other
beam.

Recording and readout curves for the four crystals
shown in Fig. 4. Strong holograms cannot be recorded
LN1 as shown in Fig. 4. This is because LN1 is a high
oxidized sample. Due to the strong oxidation of LN1, only
few electrons are available in Mn traps while Fe traps
completely empty in this sample. The small number of el
trons available in either trap explains the very small diffra
tion efficiency obtained for LN1. Persistent holograms c
be recorded in both LN2 and LN3 with good diffractio
efficiencies as shown in Fig. 4. We think that this is due

d,

,
en

FIG. 3. Absorption spectra for the crystal LN3 before and after UV illum
nation. The UV intensity was 4 W/cm2.

FIG. 4. Recording and erasure curves for the differently annealed cry
LN1, LN2, LN3, and LN4.

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the appropriate oxidation/reduction state of these t
samples. Compared to LN1, both LN2 and LN3 are redu
with stronger reduction for LN3. Therefore, LN2 and LN
have more trapped electrons than LN1. Before sensitizat
these extra electrons are in the Mn traps as discussed p
ously. The reduction of LN2 and LN3 is not strong enou
to fill all the Mn traps, and as a result, there are no availa
electrons to fill the Fe traps. Therefore, it is not possible
record any holograms with only red light in LN2 and LN
without UV sensitization. However, electrons can be tra
ferred to the Fe traps by UV light. This is due to both havi
more electrons in Mn traps and fewer empty Mn centers
trap electrons from the conduction band. The latter result
a larger probability of electron trapping at Fe centers. The
fore, we can record faster and get larger diffraction efficie
cies. During readout by red light, electrons are transfer
from Fe traps to Mn traps resulting in a partial erasure of
hologram. When all electrons are transferred to Mn cent
the remaining hologram persists against further read
Therefore, reducing the crystal results in an increase in b
sensitivity and the M/#.9 This explains the recording an
readout curves for both LN2 and LN3. Since LN3 is mo
reduced than LN2, it has faster recording and stronger fi
diffraction efficiency. The recording curve for LN4 is als
shown in Fig. 4. It is much faster than the other samples
larger saturation diffraction efficiencies are obtained. Ho
ever, the recorded hologram is erased during readout by
light only. This is because LN4 is a strongly reduced sam
When the crystal is reduced too much, we reach a p
where we do not have enough empty Mn traps to stor
strong space-charge pattern, although we have a lot of e
trons. Therefore, we can record strong holograms with g
speed, but we lose a major part of it during readout.
conclude that the finalpersistentdiffraction efficiency is lim-
ited by the availability of empty Mn traps before sensitiz
tion. When we reduce the crystal so strongly that all the
traps are filled, then we lose the persistence property c
pletely. This is the case for LN4. In this case, we have v
good sensitivity~fast recording! because LN4 is reduced s
much that the Fe traps are partially filled as well. We c
also record strong holograms due to initial electron popu
tion in Fe traps and very effective UV sensitization due
filled Mn traps. However, electrons are transferred dur
readout from Fe centers to Mn centers until all Mn cent
are occupied. The remaining hologram resides in Fe cen
and is totally erased by further readout. The final diffracti
efficiency after extensive readout is zero. This explains
recording and readout curve for LN4.

As the experimental results show, there is an optim
oxidation/reduction state for a doubly doped LiNbO3 crystal
that results in the desired performance. This optimum
pends on the doping levels of the shallower~Fe! and deeper
~Mn! traps and the intensities of the sensitizing~UV! and
recording~red! beams. Figure 5 shows the theoretical calc
lation of the persistent M/#~after sufficient readout! as a
function of the portion of Mn traps that are initially filled
All Fe traps are initially empty. The calculation is based
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the solution of the Kukhtarev equations for the two-cen
method. The doping levels used in this calculation are
same as those of the crystals used in the experiments. Fi
5 shows that for the crystal used in these experiments,
optimum oxidation/reduction state that results in the b
M/# is when about 95% of the Mn traps are filled with ele
trons. This is close to the oxidation/reduction state of LN

In conclusion, we presented a method for recording p
sistent holograms in doubly doped LiNbO3 crystals. We
showed the effect of the oxidation/reduction state of the cr
tal on recording and readout responses. The experime
results confirm our explanation of the two-center holograp
recording method. They also prove that there is an optim
oxidation/reduction state resulting in the best persistent M
It turns out that recording in doubly doped crystals with t
simultaneous presence of long-wavelength recording
short-wavelength sensitizing light is a promising approa
for all-optical nonvolatile holographic data storage, that t
underlying processes are correctly understood, and that
loring of the material and the experimental conditions e
ables further improvements of the performance.
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FIG. 5. Variation of the persistent M/# with the portion of filled Mn trap
for a LiNbO3 crystal doped with 0.075 wt % Fe2O3 and 0.01 wt % MnO. All
Fe traps are assumed to be initially empty.
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