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Abstract. We investigate the role of carrier mobility in holo-
graphic recording in LiNbOj crystals. Both normal holo-
graphic recording (single wavelength, single trap) and two-
center recording are considered, and the differences between
the performances of the two methods are explained. We show
that increasing mobility by using stoichiometric crystals or
by doping with Mg does not improve sensitivity considerably,
but does reduce M/# by at least one order of magnitude.

PACS: 42.40.-1; 42.40.Pa; 42.40.Ht

Volume holographic storage systems are tried and tested
with photorefractive crystals as the recording medium [1].
In such systems, the inhomogeneous illumination created by
the interference of the reference and signal beams excites
charge carriers from impurity levels into the conduction or va-
lence bands, the charge carriers migrate and they are trapped
by empty impurities elsewhere. A space-charge field builds
up and modulates the refractive index via the electro-optic
effect.

The important material properties are sensitivity (S), dy-
namic range (M/#) and persistence (or non-destructive read-
out). For several years, lack of persistence was the major
drawback of holographic storage in photorefractive crys-
tals, and several methods (thermal fixing [2], electrical fix-
ing [3], two-photon recording [4], frequency-difference holo-
grams [5] and readout with wavevector spectra [6]) were
proposed to solve this problem. More recently, two-center
holographic recording was proposed and demonstrated [7, 8].
Two-center recording makes storage of persistent holograms
possible without sacrificing the dynamic range and sensitiv-
ity considerably [9]. The sensitivity of the widely used con-
gruently melting LiNbO3 crystals, however, is still not very
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good. Therefore, the main challenge in holographic storage in
LiNbOs crystals is the improvement of the sensitivity.

Sensitivity is a measure of recording speed. It is de-
fined as the initial recording slope of the square root of the
diffraction efficiency normalized to recording intensity and
material thickness. Recording and erasure time constants in
holographic recording are approximately inversely propor-
tional to the mobility of the carriers responsible for recording
(i.e., electrons in the conduction band or holes in the valence
band). Holograms can be recorded faster if we increase the
mobility of carriers responsible for recording. Therefore, one
idea for increasing sensitivity could be to increase the carrier
mobility. In almost all holographic recording experiments in
LiNbOs, these carriers are electrons in the conduction band.
It is suggested that the mobility of these electrons (u) can
be varied by changing the stoichiometry of LiNbOs3: con-
gruently melting LiNbO; crystals (typical ratio of Li to Nb
about 94%) have a lower electron mobility than perfectly stoi-
chiometric crystals (ratio of Li to Nb equal to 1). It is also
suggested that the mobility of electrons in the conduction
band of LiNbO;3 can be varied by highly doping the crystal
with magnesium (Mg). Typical doping levels required are of
the order of 4 wt. % of MgO [10].

In this paper, we investigate the possibility of increasing
the sensitivity in LiNbOs3 by increasing the electron mobil-
ity. Our assumption is that other material properties (absorp-
tion cross-section, recombination coefficient for the different
traps, etc.) are fixed, and we only change the mobility of elec-
trons in the conduction band. Two forms of mobility, i.e., drift
mobility and Hall mobility, can be defined for ionic crystals
(such as LiNbO3) [11]. Throughout this paper, we only use
drift mobility. We first consider normal recording with a sin-
gle wavelength in a typical LiNbOs:Fe crystal. Then, we dis-
cuss the role of electron mobility in two-center holographic
recording and compare it with that in normal recording.

It is necessary to clarify one important fact here. It is
known that the photoconductivity (o) of a LiNbOs crystal
can be increased by increasing the stoichiometry [12] or by
doping the crystal with so-called damage-resistant impurities
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(e.g. Mg or Zn) [13]. Increasing photoconductivity results in
decreasing recording and erasure time constants of a holo-
gram. Photoconductivity (o) varies as

o =eunp x =, (1)
Y

where e, u, ng and y are the electronic charge, electron mo-
bility, average (DC) electron concentration in the conduction
band and effective trap recombination coefficient for the elec-
trons in the conduction band, respectively. It has been sug-
gested that the increase in the photoconductivity of stoichio-
metric or Mg-doped LiNbOj3 crystals is due to the increase in
the carrier mobility p. Although this explains all experimen-
tal data, it is also possible that the increase in photoconduc-
tivity can be due to a reduction in the effective recombination
coefficient (y). In this paper, we mainly use the first sug-
gestion (i.e., increasing ; by moving to more stoichiometric
crystals or by increasing Mg concentration). However, the re-
sults are still valid if the second suggestion is true, because
all holographic recording parameters vary with p/y instead
of varying with p or y independently. Therefore, variations of
the holographic recording parameters with x (while all other
parameters including y are fixed) is the same as the varia-
tions of the same holographic recording parameters with 1/y
(while all other parameters including u are fixed).

As mentioned above, we assume that changing the stoi-
chiometry of a LiNbOj crystal or doping it with Mg changes
only the photoconductivity considerably. In our analysis, we
assume that other crystal parameters, especially the bulk pho-
tovoltaic constant and the absorption cross-section of the Fe
traps, are not modified considerably by changing the sto-
ichiometry of the crystal or by doping it with Mg. Our
justification for this assumption is the work by Sommer-
feldt et al. [13], in which different parameters of LiNbOs3:Fe
crystals with different degrees of stoichiometry or differ-
ent Mg concentrations were measured. Sommerfeldt et al.
showed that photoconductivity is the only parameter that
varies considerably by changing the stoichiometry or by dop-
ing with Mg.

1 Effect of carrier mobility in normal holographic
recording

To study the effect of u on M/# [14] and S, we consider
the dependence of the saturation hologram strength (Ay) and
recording time constant (7;) on ©. We assume that record-
ing and erasure time constants are approximately the same,
resulting in

AOTe
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where 7. is the erasure time constant. Note that even if 7,
and 7. are not the same, they have similar variations with p.
Therefore, the main parameter that represents the effect of
on M/#is Ay. Note also that A is linearly proportional to the
saturation space-charge field E| ¢ Therefore, we can use

M/#O(AOO( El,sat (3)

to study the effect of u on M/#.

The effect of . on S can be studied by using

S AO/Tr El,sat
= X
IRL Tr
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where Ir and L represent recording intensity and crystal
thickness, respectively. Ir and L are independent of u.
The approximate formulas for E| ¢ and t, are

Johvi + Jaittl
eung

El,sal = (5)

(6)

where e and n are the electronic charge and the spatially av-
eraged (DC) electron concentration in the conduction band,
respectively. Here, ¢ and ¢y are the dielectric constant (or
relative permittivity) of the recording material and the permit-
tivity of free space, respectively. Furthermore, jonyi and jgitr1
are the first Fourier components of the bulk photovoltaic and
diffusion current densities, respectively. Furthermore, ny can
be approximately represented by

o CIFeSFeNF;()IRO
YFe(NFe — N]:}()) '

where grespe and yg. represent the absorption cross-section
for excitation of electrons from Fe traps to the conduction
band and the recombination coefficient of the Fe traps, re-
spectively. Furthermore, Nge, Ng,, and Iro represent total Fe
concentration, DC electron concentration in the Fe traps and
DC recording intensity, respectively. The formulas for jnyi
and jgifr; in LiNbO3:Fe are

)
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kre and Iy in (8) are the bulk photovoltaic constant of the
Fe traps at the recording wavelength and the amplitude of
sinusoidal recording intensity, respectively. In (9) kg, T, K,
and n; represent the Boltzmann constant, the absolute tem-
perature, the amplitude of the grating vector of the holo-
gram and the first Fourier component of the electron con-
centration in the conduction band. For holographic recording
in congruently melting LiNbOs3:Fe crystals using transmis-
sion geometry, the bulk photovoltaic current is dominant and
the diffusion current density (jgirr1) in (5) can be neglected,
resulting in

KFE, N IRl
Elgu ™ — ~— ee;;(’ . (10)
0

Replacing ng in (10) by its equivalent from (7), we obtain
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Putting (6) and (11) into (3) and (4), we obtain the depen-
dence of M/# and S on u as

Mot (12)
n
S=cC. (13)



where C represents some constant independent of p. Note
that (12) and (13) are valid only in the regime where there
is a domination of the bulk photovoltaic current. There-
fore, these equations can be typically applied to congruently
melting crystals in transmission geometry. Equations (12)
and (13) suggest that we cannot increase the sensitivity
by increasing w, while we lose M/#. This result might
seem strange at first, since we know that the holograms are
recorded faster at higher u (recording time constant becomes
smaller at higher ). However, sensitivity depends on the
ratio of saturation hologram strength (A) and recording time
constant (7;). When the bulk photovoltaic current is domin-
ant, both Ay and 7, decrease with increasing p in a similar
way, resulting in the approximate independence of sensitivity
of w.

The situation is completely different in the regime where
the diffusion current is dominant. This is the case for stoichio-
metric LiNbOs:Fe crystals, or in some cases, for congruently
melting crystals in the 90° or reflection geometries. The satu-
ration space-charge field in this regime can be represented by

Jaitet
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e ngy
Assuming unity modulation depth of recording intensity, we
can use n; =~ ng to simplify (14) to

ksT
|El,sat| s TK (15)

Equation (15) suggests that in the regime where the diffu-
sion current dominates the saturation space-charge field is ap-
proximately independent of 1. Using this result, we can sum-
marize the dependence of M/# and S on u in this regime as

M/#=C (16)
Socp, (17)

where C’ is a constant independent of . Equations (16)
and (17) suggest that increasing mobility in the regime where
the diffusion current dominates is a good idea for increasing
sensitivity without affecting M/#. In this regime, the satu-
ration hologram strength is independent of p. Therefore, in-
creasing pu results in increasing sensitivity by reducing the
recording time constant. The diffusion current dominates in
LiNbO3 in near—stoichiometric crystals or in crystals that are
highly doped with MgO, or in some cases in the 90° or re-
flection geometries with small grating period (or high spatial
frequency).

As discussed above, we need to get to the regime where
the diffusion current dominates in LiNbOj3:Fe to start improv-
ing sensitivity by increasing . To do this, we need to increase
1 by using stoichiometric crystals, for example. However,
we lose M/# by a large factor in going from the regime
where the photovoltaic current dominates to that where
the diffusion current dominates. This is clearly depicted in
Fig. 1, which shows the theoretical variation of the saturation
hologram strength (A9 >~ M/#) and S with u in a 0.85-
mm-thick LiNbOs crystal doped with 0.075 wt. % Fe,Os.
The calculation is performed by solving the band-transport
equations [15] numerically using Fourier development. We
assumed that recording was performed by two red beams
(wavelength 633 nm, intensity of each beam 250 mW/cm?).
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Fig.1a,b. Theoretical variations of a sensitivity (S) and b approximate
dynamic range (M/#) with electron mobility () for a 0.85-mm-thick
LiNbO3:Fe crystal in normal recording. It is assumed that the crystal is
doped with 0.075 wt. % Fe,O3 and 13.5% of the Fe traps are initially oc-
cupied with electrons (Nge = 2.5 x 102 m™3 and Np, =3.4x 10%* m™3).
It is also assumed that recording is performed by two red beams (wave-
length 633 nm, intensity of each beam 250 mW/cm?, ordinary polariza-
tion, angle between each beam and the normal to the surface outside the
crystal 20°)

Although 633 nm is not the best wavelength for recording
from Fe traps, we chose it to be the same as the record-
ing wavelength in the two-center recording discussed later.
The two curves in each part of Fig. 1 are calculated with
and without considering the diffusion current to show the
regimes where the different components of current domi-
nate. As Fig. 1 shows, we need to increase p by more than
one order of magnitude from that of a typical congruently
melting LiNbOs crystal to enter into the regime where the dif-
fusion current dominates, where sensitivity can be improved
by increasing p further. During this process, M/# is reduced
by more than one order of magnitude before getting to the
regime where the diffusion current dominates, where M/# be-
comes almost independent of . It is important to note that the
range of u shown in Fig. 1 is not the practical range that can
be obtained by changing the stoichiometry of LiNbOj3 crys-
tals. It is not practically possible to increase p in LiNbO;3; by
three orders of magnitude by simply changing the stoichiom-
etry of the crystal or by doping it with MgO. Therefore, the
usage of stoichiometric crystals or of crystals doped highly
with MgO in the transmission geometry is not a good idea to
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Fig.2. Recording and read-out curve for a plane wave hologram in
a 0.85-mm-thick LiNbO3:Fe:Mg crystal. Recording is performed by two
coherent beams (wavelength 488 nm, intensity of each beam 15.5 mW /cm?,
ordinary polarization). Read-out is performed by one of the recording
beams

improve S. While S of these materials is similar to that of con-
gruently melting crystals, their M/# is much smaller than that
of the congruently melting crystals.

Figure 2 shows the recording and read-out curve for
a plane-wave hologram recorded in a 0.85-mm-thick LiNbO3
crystal doped with 0.025 wt. % Fe,O3 and 4.3 wt. % MgO.
Recording is performed in transmission geometry by two
plane waves (wavelength 488 nm, intensity of each beam
15.5mW/cm?, ordinary polarization) while reading is per-
formed by one of the recording beams. The values of
M/# and S calculated from Fig.2 are M/# =0.15 and
S =0.15cm/J. Although S = 0.15 cm/]J is of the same order
of sensitivity that can be obtained in congruently melting
LiNbOs;:Fe crystals, the value of M/# is much lower than
those obtained in congruent LiNbO3:Fe crystals with similar
properties.

2 Effect of carrier mobility in two-center holographic
recording

One might expect that similar behaviors of M/# and S with
carrier mobility are obtained in two-center recording, since
alteration of the mobility would affect electron transport in
the conduction band in a similar way for both normal and
two-center recording. However, the effect of mobility on M/#
and S in two-center recording is very different from that in
normal recording. Figure 3 shows the theoretical variation
of S and final saturation hologram strength (approximately
equivalent to M/#) with p in two-center holographic record-
ing in a LiNbOs; crystal doped with 0.075 wt. % Fe,O3 and
0.01 wt. % MnO. In this calculation we assumed that all Fe
traps as well as 10% of the Mn traps are initially empty. We
also assumed that recording was performed by one homoge-
neous UV beam (wavelength 365 nm, intensity 20 mW /cm?)
and two interfering red beams (wavelength 633 nm, inten-
sity of each beam 250 mW/cm?). The two curves in each
part of Fig. 3 are calculated with and without considering
diffusion currents to show the regimes where the diffusion
and bulk photovoltaic currents dominate. The calculations for
Fig. 3 are performed using the two-center model described
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Fig.3a,b. Theoretical variations of a sensitivity (S) and b approximate
M /# with electron mobility () for a 0.85-mm-thick LiNbO3:Fe:Mn crys-
tal in two-center recording. It is assumed that the crystal is doped with
0.075 wt. % Fe;O3 and 0.01 wt. % MnO. All Fe traps as well as 10%
of the Mn traps are initially empty (Nge =25%10® m3, Ng, =0,
Nyin = 3.8 x 10#* m™3 and Ny, =34 x 102* m—3). It is assumed that
recording is performed by one UV beam (wavelength 365 nm, intensity
20mW/cm?) and two red beams (wavelength 633 nm, intensity of each
beam 250 mW /cm?, ordinary polarization)

in [8]. As Fig. 3a shows, the variation of sensitivity (S) in
two-center recording is similar to that in normal recording
(Fig. 1a). However, the variation of the persistent M/# with p
in two-center recording is totally different from that in normal
recording, as Fig. 3b shows. The M/# in two-center record-
ing decreases initially with increasing u, going to zero at one
value of w. It then increases with further increasing p and
finally becomes constant in the diffusion-dominated regime.
To understand the unexpected variation of persistent M/#
with u, we use the energy band diagram for a LiNbO3:Fe:Mn
crystal shown in Fig. 4. During recording, electrons are ex-
cited from the Fe traps to the conduction band by recording
light. An electron moves a short distance before being trapped
by Fe** centers. An electron on average goes through several
of these cycles of excitation to the conduction band, moving
in the conduction band and becoming trapped. The presence
of the sensitizing (UV) beam also brings the electrons that fall
into the Mn traps back to the Fe traps during recording. Dur-
ing read-out, the sensitizing beam is blocked. Therefore, elec-
trons are excited to the conduction band primarily from the Fe
traps. Electrons that fall into Mn traps cannot be excited back



CcB

| A

hvred
v v'\‘/%
2+/3+
Fe
2+/3+
Mn

VB

Fig. 4. Energy band diagram of a LiNbO3:Fe:Mn crystal

to the conduction band by the read-out light. During read-
out on average an electron in the Fe traps will end up in Mn
traps after only a few cycles of excitation to the conduction
band. This asymmetry between the average number of excita-
tions, movements and trapping cycles for an electron during
recording and read-out is the main reason for the persistence
obtained in two-center recording. At low values of p, an elec-
tron on average goes through many of these cycles to record
a strong hologram, while at read-out it only goes through at
most a few cycles before being trapped at Mn centers. There-
fore, we only see a small partial erasure of the hologram
during read-out at low values of u, and we observe relatively
high persistent M/# at low p. The asymmetry between the
number of cycles during recording and read-out is reduced as
W increases, since the average distance an electron moves in
the conduction band in each cycle is linearly proportional to
. Therefore, the average number of cycles an electron un-
dergoes during recording decreases with increasing p. On the
other hand, the average number of cycles an electron under-
goes during read-out does not strongly depend on wu as it is
mainly determined by the relative probabilities for electron
trapping at Fe and Mn centers. Therefore, the average dis-
tance an electron moves backward during read-out becomes
closer to the average distance an electron moves forward dur-
ing recording as p increases. This results in a stronger partial
erasure and smaller persistent M/# at higher values of . The
lowest persistent M/# is obtained at the specific value of u
that results in the total disappearance of the asymmetry dur-
ing recording and read-out. For this specific value of u, the
hologram is completely erased during read-out, resulting in
zero persistent M/#. If we increase u further, we expect the
hologram to undergo a 180° phase shift during read-out. In
other words, the electron transfer from Fe traps to Mn traps
during read-out causes the diffraction efficiency to go first to
zero at some time. At this time, the two holograms in Fe traps
and Mn traps are equally strong, but they are exactly 180° out
of phase. Therefore, the total hologram strength (sum of the
two holograms) is zero. The remaining space-charge pattern
(or electron concentration) in the Fe traps will be transferred
to the Mn traps via the conduction band during further read-
out. However, these electrons move in the conduction band,
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and this movement results in a nonzero hologram strength.
The phase difference between this newly revealed hologram
and the original one is 180°. As u increases from its specific
value (resulting in zero persistent M/#), the revealed holo-
gram during read-out becomes stronger, and M/# increases
with increasing p, as shown in Fig. 3b. Figure 5 shows the-
oretical recording and read-out curves for plane-wave holo-
grams recorded in the LiNbO3:Fe:Mn crystal discussed be-
fore at different values of w. The 180° phase shift obtained
during read-out at very high p as well as the total erasure
of the hologram during read-out at a specific value of u are
evident from Fig. 5.

It is important to note that the sensitivity values shown in
Fig. 3a were calculated without considering persistence. If we
are interested in the persistent sensitivity, we need to modify
this value by the partial erasure of the hologram during read-
out, as explained in [9]. This results in even lower values of
sensitivity, especially around the specific value of p that gives
zero M /#.
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Fig. 5a,b. Theoretical recording and read-out curves for a 0.85-mm-thick
LiNbO3:Fe:Mn crystal in two-center recording. The curves were calculated
using different values of electron mobility (x). The crystal parameters used
in these calculations are the same as those given in the caption of Fig. 3. It is
assumed that recording is performed by one UV beam (wavelength 365 nm,
intensity 20 mW/cm?) and two red beams (wavelength 633 nm, intensity of
each beam 250 mW /cm?, ordinary polarization). a Comparison of record-
ing and read-out curves of a congruent (low ) crystal with that of a crystal
with a special value of u (o), resulting in zero final M/#. b Comparison
of the recording and read-out curves for different values of w1 in the vicinity

of i =po
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To investigate the possibility of sensitivity improvement
in two-center recording by increasing the electron mobil-
ity, we performed experiments with a 5-mm-thick LiNbO;
crystal doped with 0.075 wt. % Fe,03, 0.01 wt. % MnO, and
4.3 wt. % MgO. The oxidation of the crystal to the level
where all Fe traps as well as a portion of the Mn traps are
empty (as required for two-center recording) was very dif-
ficult. This difficulty is a typical property of the Mg doped
or stoichiometric LiNbO3 crystals, making the optimization
of annealing in two-center recording complex or even im-
possible. The physical reason is that more stoichiometric or
Mg-doped crystals have less defects that allow charge com-
pensation upon thermal annealing. Although we oxidized the
crystal for three consecutive days at 1000—1100°C in an
O, atmosphere, there was still a small electron concentra-
tion in the Fe traps, and all Mn traps were occupied by
electrons. We recorded a plane-wave hologram using one ho-
mogeneous sensitizing beam (wavelength 404 nm, intensity
3.6 mW /cm?) and two recording beams (wavelength 514 nm,
intensity of each beam 17 mW/cm?, ordinary polarization) in
transmission geometry. To have a recording curve that is ap-
propriate for measuring sensitivity, we first recorded a holo-
gram after pre-exposing the crystal to the sensitizing beam
for 2h. Then, we rotated the crystal until the read-out of
the hologram was negligible. This preparation assures that
a steady-state balance between sensitization and bleaching
is already achieved; the electron concentrations in the Mn
and Fe traps are now very close to the steady-state values
that are obtained during recording. After this careful adjust-
ment of the starting condition, we recorded a hologram in
the new location while monitoring its diffraction efficiency
with time. Read-out of the hologram was then performed
by one of the recording beams. The experimental recording
and read-out curve is shown in Fig. 6. The value of sen-
sitivity from Fig. 6 is S = 0.05cm/J, which is not better
than that obtained with a congruently melting LiNbO3 crystal
with similar Fe and Mn concentrations. Note that the crystal
used in this experiment was too reduced for persistent two-
center holographic recording. As mentioned above, we were
not able to oxidize the crystal enough to leave all Fe traps
empty. However, the sensitivity is defined by recording mech-
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Fig. 6. Recording and read-out curve for a plane wave hologram in a 5-mm-
thick LiNbO3:Fe:Mn:Mg crystal. Recording is performed by one sensitizing
beam (wavelength 404 nm, intensity 3.6 mW /cm?) and two coherent beams
(wavelength 514 nm, intensity of each beam 17 mW/cm?, ordinary polar-
ization). Read-out is performed by one of the recording beams

anisms, and having a small electron concentration in the Fe
traps only increases the sensitivity. The sensitization mech-
anism during recording brings several electrons from the Mn
traps to the Fe traps, as it does in two-center recording. The
excessive reduction (extra electron concentration in the Fe
traps) results in the higher value of sensitivity than that ob-
tained in a crystal with the correct oxidation/reduction state.
Therefore, we would expect that persistent sensitivity in the
LiNbOs:Fe:Mn:Mg crystal is even less than S = 0.05cm/J,
which is not better than that in the congruently melting
LiNbO;3:Fe:Mn crystal.

One important point to address here is the role of stoi-
chiometry in two-step holographic recording. It was shown
recently that better S and M/# can be obtained in two-step
recording in undoped stoichiometric LiNbO3; compared to the
congruent crystals [16, 17]. One might consider this as a con-
tradiction to the results of this paper. However, the role of
stoichiometry in two-step recording is the elongation of the
lifetime of electrons in the shallow polaron levels in LiNbOs5.
Increasing this lifetime increases the sensitization efficiency
and reduces the minimum intensity required for holographic
storage. Therefore, better S and M/# are obtained. This im-
provement is not due to the change in . Our results suggest
that if the same polaron concentration and polaron lifetime
can be obtained with lower w, we would obtain better M /#
without sacrificing S.

3 Role of mobility in 90° and reflection geometries

In the previous sections, we primarily concentrated on holo-
graphic recording in the transmission geometry, because it
offers the maximum S and M/# [18]. Both M/# and S depend
linearly on the electro-optic coefficient of the recording crys-
tal. For recording with extraordinary polarization in transmis-
sion geometry in LiNbOs3, the relevant electro-optic coeffi-
cient is r33, which is the largest electro-optic coefficient of
LiNbOs. For recording in 90° and reflection geometries, how-
ever, we cannot use extraordinary polarization. Therefore, the
relevant electro-optic coefficient is ry3, which is about three
times smaller than r33. On the other hand, there are some ap-
plications where reflection and 90° geometries might be the
better choice.

Besides the possible polarization for the recording beams,
the other major difference between the different recording ge-
ometries is the strength of the diffusion field. Equation (15)
shows that the diffusion field depends linearly on the mag-
nitude of the grating vector (K). For recording in symmetric
transmission geometry with the angle between each record-
ing beam and the normal to the surface outside the crystal
being 6, K is

4
K=7sm9, (18)

while it is K = 2+/27n/x and K = 47n /A for 90° and reflec-
tion geometries, respectively. In these formulas, A and n are
the recording wavelength in free space and the index of re-
fraction for LiNbOs at the recording wavelength (n ~ 2.3 for
visible light), respectively.

Table 1 summarizes the theoretically calculated values
of M/# and S in normal holographic recording with differ-
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Table 1. Theoretical values of M/# and S obtained in a 0.85-mm-thick LiNbO3:Fe crystal with normal record-
ing and different recording geometries. It is assumed that the crystal is doped with 0.075 wt. % Fe,O3 and
13.5% of the Fe traps are initially occupied with electrons. It is also assumed that recording is performed by
two red beams (wavelength 633 nm, intensity of each beam 250 mW /cm?). Cong., Stoi., and Mg-doped: con-
gruent, near-stoichiometric, and Mg-doped crystals, respectively. o-pol and e-pol: ordinary polarization and
extraordinary light polarization for the recording beams, respectively. In transmission geometry calculations,
the angle between each recording beam and the normal to the surface outside the crystal is 6 = 20°

Recording geometry M/# M/# S (cm/J) S (cm/J)
Material Cong. Stoi./Mg-doped Cong. Stoi./Mg-doped
Transmission (e-pol) 3.6 0.39 0.75 0.78
Transmission (o-pol) 1.2 0.13 0.25 0.26

90 °C (o-pol) 1.2 0.20 0.25 0.48
Reflection (o-pol) 1.2 0.29 0.25 0.62

ent recording geometries for a congruent LiNbOj3:Fe crys-
tal and a near-stoichiometric one. The crystal properties are
the same as those in the caption of Fig. 1. In these calcu-
lations, we assumed that p in the near-stoichiometric crys-
tal is 10 times larger than that in the congruent crystal
(u="7.4x10"3m?/Vs for the congruent crystal and p =
7.4 x 107*m?/V s for the near-stoichiometric crystal). Fur-
thermore, we assumed the angle between each recording
beam and the normal to the surface outside the crystal in
transmission geometry to be 8 = 20°. Note also that, although
both ordinary and extraordinary polarizations can be used
in transmission geometry, only ordinary polarization can be
used in 90° and reflection geometries.

We can conclude from Table 1 that, if one chooses to use
the 90° geometry, using stoichiometric crystals can result in
an improvement in S by a factor of about 2, and the price
is a reduction in M/# by a factor of about 6. Using stoi-
chiometric crystals in the reflection geometry results in an
improvement in S by a factor of about 2.5 but in a reduc-
tion of M/# by a factor of about 4 compared to a congruent
crystal in the same geometry. However, neither 90° geometry
nor reflection geometry (even with a stoichiometric crystal)
can result in a S better than that obtained using a congruent
crystal in transmission geometry with extraordinary polar-
ization. The results of Table 1 suggest that increasing u of
a LiNbOj crystal within the practical range (by one order of
magnitude) does not improve S (compared to the best value
obtained using a congruent crystal) but reduces M/# by at
least one order of magnitude. Although we considered only
normal holographic recording in this section, similar results
can be obtained for two-center recording.

4 Conclusion

We showed that we cannot increase sensitivity (S) in either
normal or two-center holographic recording in LiNbO3 crys-
tals by increasing electron mobility (u). The practical p that
can be obtained by using stoichiometric crystals or by doping
the crystal highly with MgO is not high enough to increase
S considerably beyond that obtained in congruently melting
crystals. On the other hand, we lose dynamic range (M/#) by
a large factor by using stoichiometric or Mg doped LiNbO;
crystals in both normal and two-center recording.

The understanding of the effect of i on the performance
of two-center holographic recording systems discussed here
is very important in the investigation of other materials for

persistent two-center holographic recording. It is logical to
use materials with lower values of u to obtain good persis-
tent M/# in two-center recording. Therefore, in designing
a holographic recording system using LiNbO3, we need to use
a congruently melting doubly doped crystal. Note that crys-
tals with Li concentrations smaller than that in a congruently
melting crystal can be grown too. Such crystals have smaller
values of u than that of a congruently melting crystal. How-
ever, the crystal quality is typically not as good as that of the
congruently melting crystals.

Note that, although we used holographic recording experi-
ments in Mg-doped LiNbOj3 crystals to test our theory, our
theoretical results for the role of i are independent of whether
w or the effective recombination coefficient () are modified
in a Mg-doped crystal. Note also that the role of w is the same
as the role of the inverse recombination coefficient (1/y) and
changing either one of them by changing the photoconductiv-
ity results in the same behavior.
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