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Optical information storage

Th. Woike, Institut fur Kristallographie, Universitat zu Koln

Introduction
IN ORDER TO INCREASE STORAGE CAPACITY AND DATA TRANSFER VELOCITY BY ABOUT
THREE ORDERS OF MAGNITUDE COMPARED TO C D OR MAGNETIC DISC IT IS NECESSARY TO
WORK WITH OPTICAL TECHNICS, ESPECIALLY WITH HOLOGRAPHY.

ABOUT 100 TBYTE CAN BE STORED IN A WAVER OF AN AREA OF 50 cm2 VIA HOLOGRAMS
WHICH CORRESPONDS TO A DENSITY OF 2 • 109 BYTE /MM2. EVERY HOLOGRAM CONTAINS
DATA OF 1 MBYTE, SO THAT A PARALLEL-PROCESSING IS POSSIBLE FOR READ-OUT. USING
HIGH-SPEED CCD-ARRAYS A READ-OUT VELOCITY OF 1 MBYTE/^SEJFC CAN BE REACHED.

FURTHER, HOLOGRAPHIC TECHNICS ARE VERY IMPORTANT IN SOLID STATE PHYSICS. W E
WILL DISCUSS THE EXISTANCE OF A SPACE CHARGE FIELD IN SRI-XBAXNB2O6 DOPED WITH
CERIUM AND THE PHYSICAL PROPERTIES OF METASTABLE STATES, WHICH ARE SUITED FOR
INFORMATION STORAGE.

Holographic storage in photorefractive materials

The basic principle of holography is the generation of a modulation of the index
of refraction An or absorption Aa by interference pattern.
As shown in figure 1, the laser beam is devided by a beam-splitter BS into two
beams, R and S, which are reflected by the mirrors Ml and M2 onto the crystal.

Ml

Figure 1: Principle experimental arrangement for holographic measurements
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The intensities IR and Is and polarizations ER and Es of the two beams can
be adjusted by A/2-plates L\ ,L2 and polarizers P\,P2- Every beam can be
blocked by shutters Shi, Sh2. With the piezo-driver PD the phase between
R and S can be shifted. The superposition of the two coherent plane waves
R and S results in interference pattern with a sinusoidal intensity modulation
I(z) along the crystallographic axis a,. In phototrefractive materials the index
of refraction is modulated by the light intensity, so that a grating is written
with wavelength A(|i?| = ~^) and a phaseshift of 4>n with respect to the incoming
interference pattern I(z). In photochromatic substances the absorption coefficient
a is modulated but with a phase-shift of <f>a. These gratings are called elementary
holographic gratings. The Bragg-condition for diffraction at these gratings is:

A = 2A sin 9

whereby A is the irradiation wavelength and 0 the Bragg-angle which is automa-
tically fullfilled for the writing beams R and S. If for instance Shi is closed, a
diffracted and transmitted intensity IJU and Im can be measured. The ratio of
diffracted and incoming intensity gives the diffraction efficiencies T}R := If* and
rjs = ^f-, respectively. Kogelnik [1] has calculated for thick holographic gratings
the dependence of n on An and Aa:

Here, a is the absorption coefficient and d the hologram thickness. The maximum
efficiency of thick photochromic gratings is about rj ~ 4% compared to photo-
refractive gratings, which reach a maximum diffraction efficiency of n = 100%.
Therefore, we will discuss in the following the behaviour of photorefractive crystals.
In dependence on the irradiation time and intensity the grating is build up, so
that a dynamical process of the diffracted intensity can be measured, as shown
in figure 2 for 5ro.69i?ao.39N&206 : Ce (Strontium-Barium-Niobat (SBN)), doped
with 0.48% Cerium ):
The diffraction efficiency n increases during the writing process forming the
grating. Saturation of n = 16% is reached at an exposure Q=I-t of Q= 35
[•^2] with the irradiation wavelength A = 632.Snm. Knowing the absorption
coefficient at this wavelength, the refraction index An can be calculated via (1)
as An = 1.4 • 10"4.
Discussing photorefractive gratings (phase gratings), the diffracted waves are
7r/2-phase shifted with respect to the incoming waves [2]. Neglecting absorption,
the resulting transmitted intensities Ic\ and Ic2 during the writing process are
influenced by the interference of the transmitted and diffracted waves:

Ic\ = / s ( l ~ n) + IRT} + 2yJIRIsyJr}{l - 7) • sin(f>n
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Figure 2: Diffraction efficiency r\ versus exposure Q = I -t for SBN:Ce.

- rj) • sin<f>n

The first two terms describe the transmitted intensity (incoming intensity minus
diffraction loss) and the gain of diffraction. The third term contains the interference
of the diffracted and transmitted waves, the so called coupling-term. In dependence
on the phase-shift <f>n the energy is transfered from Ici to la- For the special
case, that the incoming intensities Is and IR are equal IR — 1$ = IQ and the
phase-shift is <f>n = 90°, the coupling formula reduces to:

For a diffraction efficiency of r/ = 0.5 we finally get:

= 2 and ^2- = 0.
l

so that the whole energy is transfered from ICT. into I a-
The condition <f>n = 90° is found in acentric photorefractive crystals, so that we
can decide between centrosymmetrical and acentric photorefractive materials by
measuring the intensities Ic\ and Ic2-
Such a behaviour is shown in figure 3 for a Cerium doped (0.48 wt. %) SBN-
crystal: SrosiBao^Nb^Oe : Ce.
The crystal was illuminated with red light of a HeNe-laser (A = 632.8nm) and
equal intensities of the R and S waves In = Is = /o- The difference of Ic\ and
Ic2 demonstrates clearly that <f>n ^ 0. SBN belongs to the acentric pointgroup
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Figure 3:
V = 0-5; I

0 5 10 15 20 25 30 35 40 45 50 55 60

Q/U/cm2]

Transmitted intensities Ic\ and Ic2 during the writing process for
: = Is = IQ

4mm, which determines the phaseshift between the interference pattern and the
modulation of the index of refraction theoretically to <f>n — 90° (7r/2-phase-
grating). Experimentally we get with ^ - = 1.9 and r\ = 0.5 : 4>n = 90°.
A further important parameter is the optical amplification T of la with respect
to decreasing Ic2, denned as:

= I/n (
Ici ' I m)

d \Ic2 • Ist/. ?C2 • 1st'
whereby d is the hologram thickness. A real optical amplification takes place if
F exceeds the absorption coefficient of the material: V > a, which is the case
in SBN:Ce. From the dependence of T on the Bragg-angle we can calculate the
effective number of photorefrative centers Nejf excited during the writing process
[3]. The photorefractive effect is determined by the transition: Ce3+ —• Ce4+.

A • sin 6 e l - e 2

1 + B~2 sin2 0 cosdi
where the material parameters in two coefficients A,B are given by:

A = reffC(k)

(2)

e\2

e\ ( NeffeX /
4TT \

Here, el and e2 are the polarization directions of the optical beams, n is the
refractive index, ^ ^ is the thermal energy per charge, A is the irradiation
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wavelength, e is the dielectric constant, ((&) is the electron-hole competition
factor, refj is the effective electrooptic coefficient.
The dependence of T on the Bragg-angle 0 for SBN:Ce is shown in figure 4 for a
light polarization parallel to the crystallographic c-axis (polar axis).

A = (128.456 +/- 0.831) cm
B = (0.599 +/- 0.004)
reff*g(K) = (2.082 +/-0.013) pm/V

NU = (1.770 +/- 0.021)*1017cm"3

Figure 4: Optical amplification F in dependence on the Bragg-angle 0

Fitting equation 2 to the measured values shown in figure 4, Nejj and reff can
be determined as: Neff = 1.77 • 1017[cm-3];re//C(fc) = 2.082[^].

For holographic storage at least three steps are necessary: Excitation of photore-
fractive centers, carrier transport and recombination. This is shown shematically
in figure 5
In a one-center-model the carriers are excited in the region of the modulated
irradiating light I(z) and move into the dark regions. A new modulation of
charge density results and with this a space charge field Esc, which modulates
the refrative index An via the electrooptic coefficient r,-,-:

A / J -~* Esc —* An Eac

- 10"4.Typical values of An are lying in the range of An ~ 10 4. The modulation of
An opens the possibility to write information in a crystal by holography. High
density can be reached by focussing the laser light and by writing holograms at
different Bragg-angles, since the deviation from the Bragg-angle is very small, as
shown in figure 6 for LiNbOz.
The diffracted intensity of a written hologram is detected by rotating the crystal
in the range of -20° < 6 < +20°. At the full width of half maximum A0 < 0.1°
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Figure 5: Holographic storage in photorefractive materials via the electrooptic
effect
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Figure 6: Efficiency in dependence from the deviation of the Bragg-angle

for a crystal thickness of d= lmm:

]_

1
so that in steps of about 0.1° holograms can be written.
However, if we want to read the information by detecting the diffraction efficiency
77, the space charge modulation will be destroyed, since we are irradiating the
crystal with a homogeneous light intensity. Therefore, the hologram must be
fixed. This can be done by two different techniques: Thermal fixation and electric
fixation. The standard technique of thermal fixation of the space charge is done
by heating the crystal to about T = 150°C [4]. At this temperature the bonds
of the always present O-H-ions are broken and the protons move in order to
compensate the space charge. Homogeneous irradiation now destroys the space
charge grating but the protons are pinned and form the grating. Below T = 80°
the stability can be guaranteed for at least 100 years. In order to reduce the time
for a thermal fixation, we irradiate the written hologram with a short intensive
laser puls in the frequency range of the O-H vibration (v w 3600cm"1) to destroy
the O-H bond.
Electric fixation means, that space charge is compensated by ferroelectric domains.
As shown in figure 7 a short electric puls of about 750 V and 0.1 second is applied
after the hologram is written.
In the beginning of the reading process after fixation no diffraction efficiency can
be found. This homogenious irradiation destroys the space charge modulation,
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Figure 7: Electric fixation and read-out

but not the new domain structure around the space charge. 77 increases, since
the domain modulations form the new grating, which produce higher diffraction
efficiency. About 750 V are needed because the coercitivity of SBN:Ce lays in
this region. In the same way the written information can be erased with a pulse
of about 1700 V, which forms mono-domain structure in the crystal.

To write digitized information into the crystal a digitizer, called page composer, is
put into the signal beam. This is a liquid-crystal, devided in regions of 20-20(/xm)2

which can be sperately opened or closed for light transmission. The signal beam
with the digitized information is focussed onto the crystal together with the
reference beam to write the hologram and fixed by a short puls of an IR-laser
afterwards. In figure 8 two different reading devices are presented.
The first one has a high storage capacity by angle-multiplexing, which needs a lot
of time in random excess operation. About 100° per second can be realized. The
second one works like a CD-ROM with a rotaing single crystal and the information
is read by area-multiplexing, performed with multiplexed optical fibres. In both
cases the diffracted information is focussed into a high speed CCD-array. Every
hologram contains IMByte, so that about 100 TByte can be stored. With optical
fibres one can reach a reading velocity of lMByte/l^sec.

Holographic storage by metastable electronic states

In a second part we want to apply the above given results, found in a lot of
single crystals (LiNbO3,LiTaO3,SBN,BaTiO3,etc), on new photorefractive
substances, in which the photorefractive effect bases upon the existance of metastable
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Figure 8: Reading devices for holographic storage: Angle multiplexing and optical
fibre-multiplexing

electronis states in contrast to electron drift or diffusion.
Such states can be excited in substances of Xn[Fe(CN)5NO]-YH2O, K2[RuCl5NO}
and K2[RU{NO2)A{OH){NO)\, which all contains the nitrosyl-molecule as a ligand.
All anions have central atoms of Fe, Ru and Os, surrounded by six ligands,
forming distorted octaedra. The best investigated material is Na2[Fe(CN)5NO] •
2H2O called sodium nitroprusside (SNP) [5]. The structure of the molecule and
unite cell is shown in figure 9:

.15,557 A

Figure 9: Structure of the SNP-molecule and the unite cell

SNP crystallizes in the orthorhombic space group Pnnm, with four molecules per
unite cell (Z=4). The [Fe(CN)$NO]2~ anoins have quasi tetragonal structure
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4m, since the Fe-N-0 axis deviates from the 4-axis [6], as shown in figure 9.
Two metastable electronic states (SI, SII) can be excited by irradiation with
light in the wavelength range of 350-580 nm. As given in figure 10 the complete
reversible deexcitation can be performed with light in the range of 600-1200 nm,
whereby a transfer from SI into SII is possible with light in the infrared region
(900-1200nm).

- 900 nm

900-
1200 nm

600-1200 nm

Figure 10: Dependence of the two metastable states SI and SII in SNP on the
irradiation light

The difference between ground- and metastable states can be understood by
MoBbauer spectoscopy. SNP is a NBS-standard for velocity calibration of MoBbauer
drives. The spectra in figure 11 show the quadrupole splitting QS, isomer shift
IS and line width F of all three states [7].
The maximun of the population is 50% (SI) and 35% (SII). QS increases, IS is
shifted to more positive values and F increases. The anions in the ground state
are completely unaffected by the anoins in SI or SII since all Mofibauerparameters
of GS are unchanged. The quadropole splitting depends on the electron density
of the 3d and 4p states:

QS ~ {Sdx2_y2 - 3 ^ 0 + (34 y - 3d,,,,,,) + canst.{ApXty - Apz)

so that a rearrangement of electron density in the 3d- and/or 4p-states takes
place. The isomer shift depends on the s-electron-density. The linebroadening
especially in SII indicates an oszillation of the electric field gradient. From angle
dependent MoBbauer spectroscopy we can say, that the quasi 4m symmetry of
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Figure 11: MoBbauer spectra for all three states in SNP

the anion is unchanged in the new metastable states. The sign of the electric
field gradient is positiv and its direction is one and the same in all states.
A complete structure analysis with a population of 50% in SI is made by J.Schefer
et al. [6] using neutron diffraction, to avoid a possible depopulation during the
measurement . The main result is. that the space group is again Pnnm and only
the Fe-N and N-0 bonds increase by 4 pm and 0.8 pm. respectively. Refinement
into subgroups of Pnnm gives no better It-value.
The same result could be found by polarized Infrared- and Raman spectroscopy
combined with the Badger-rule [8]. In figure 12 a typical change of the u(N — 0)
stretching vibrations, the i/(Fe — N) stretching and S(Fe — NO) bending modes
are shown for the ground and metastabel state SI.
The new lines are underlined. With the Badger-rule, corrected by Herschbach
and Laurie [9], we can calculate in the harmonic aproximation the interatomic
distances of the N-0 and Fe-N bonds in SI knowing the distance of the ground
state:

rsi ~ ras + 2 • kj • log ( — ]

Here, r$i andrcs are the equilibrium bond lengths of the metastable state SI
and ground state, respectively, 6,-j is a constant for bonds between atoms from
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Figure 12: Raman-spectrum of SNP

row i and j of the periodic table and VGS^SI are the wavenumbers in GS and
SI of the Fe-N and N-0 streching vibrations. The differences r$i — rgs are a
factor 2 larger as found by neutron diffraction. The polarization behaviour of
the vibrations in GS and SI are exactly the same and the twofold degenerate
modes (i.e. S(FeNO)) do not splitt. Therefore, a second independant method
with which we can determine the local change of the bondstrentgh, demonstrate
that no phase transition in an other spacegroup takes place. Only the electron
density along the Fe-N-0 direction and at the Fe-central atom is rearranged in
such a way, that the polarizability increases, which can be used in order to write
holographic gratings into the crystal. The modulation is formed by the difference
of ground state and metastable state. Since the new states can be populated with
blue-green light, quentched with red light and transfered (SI—J-SII) with light in
the near infrared spectral range, holographic gratings can be written in a very
large spectral region.
In figure 13 the efficiency TJ is shown as a function of exposure Q.
During the irradiation with A = 514nm the diffracted efficiency J? increases to
the maximum value r) — 78% and decays exponentially to zero. Such a high
efficiency indicates the existance of phase gratings. According to Kogehiik [1] the
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Figure 13: Diffraction efficiency in SNP

modulation of the refractive index An can be calculated by

. , 7T • An • d
= sin A • cos 6

where d is the thickness of the hologranm, A the irradiation wavelength and 6 the
Bragg angle. The hologram thickness can be determined by rotating the crystal
around the Bragg angle (Rocking curve). From the line width given in figure 14
we get d=(450 ± 30)/am so that the modulation of the refractive index through
the whole crystal yields An = 5.8 • 10~4, typical for inorganic substances.
From the fact that no phase transition occurs during the writing process, we
can assume that the phase shift between the interference light modulation and
the refractive index modulation is zero, which is also a demonstration for the
centrosymmetric space group Pnnm. However the surprising result is shown in
figure 15:
The beam-coupling analysis with A = 633nm reveals the existance of 7r/2-phase
grating in contrast to our assumption based on the above discussed measurements.
In figure 15 we have normalized Ic\ and Ici to the change of the absorption during
the population. The gain factor at Q = 8[^y] exceeds with F = 28.2cm"1 the
absorption coefficient a = 5cm"1, so that SNP is an optical amplifier. The same
result can be found at other wavelengths. In order to verify the existance of
90°-phase grating we have shifted the phase of the incoming beams to each other
by the piezo-driver PD shown in figure 1. In figure 16 Ici and Ici have reciprocal
behaviour, which yields by a Fourier-transformation again 7r/2-phase grating.
This means, that in the macroscopic range of about lfim lattice constant of the
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0 50 100 150 200 250 300 350 400 450 500

Q LJ/cm2]

Figure 15: Transmitted intensities Ic\ and Ici in SNP
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Figure 16: Beamcoupling analysis in SNP
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hologram, the phase modulation is shifted in the crystal, which is only possible
in acentric crystals. From this point of view a phase transition into the subgroup
mm2, m, 2 or 1 takes place. But the problem is now, that in SBN:Ce for instance,
electron transport is responsible for the 7r/2-grating. In SNP excitation of the new
states, however, is a local effect inside the anion, no transport behaviour could
be found so far. In order to get clarity in the question of the phase transitions we
have irradiated the crystal with orthogonal polarized laser beams, one is vibrating
parallel to the crystallographic a-axis the other parallel to the b-axis. In such
a configuration no hologram can be written since the light modulation is zero.
As shown in figure 17 in the orthorhombic system the axis na,rij, of the optical
indicatrix are lying prallel to the crystallographic axes a,b.
The orthogonal polarized electric field vectors Ea,Eb are independent and not
influenced by the crystal system. If, however, a phase transition into the monoclinic
(m,2) or triclinic (1) point group takes place, the main axes of the indicatrix differ
from the crystallographic axes and the components of the electric field vectors
Ea,Eb with respect to the indicatrix axes have to consider. In this case the
modulation inside the crystal is not zero and holograms can be written. Such a
measurement is shown in figure 18:
With orthogonal polarized light holograms can be written. The diffraction effi-
ciencies are TJ ~ 90% and 77 ~ 5% . Analyzing the polarisation of the transmitted
and diffrated waves, shown in the insert of figure 18, the diffracted waves are
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Figure 17: Orthogonal polarized waves and change of the indicatrix by phase
transition
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Figure 18: Diffraction efficiency of a grating written with orthogonal polarized
beams
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orthogonal to the incoming waves while the polarization of the transmitted waves
is uneffected. Therefore, the transmitted beam 1st and the diffracted beam Iju
have the same polarization, they can interfere with each other and a grating can
be build up inside the crystal. Since outside the crystal the modulation is zero, a
further physical effect must be the initiator. As shown in figure 18 the diffraction
efficiency remains at low values up to an exposure of Q = 50 [—j] and increases
to rj = 90% for higher exposure. This dynamical behaviour can be explained by
holographic scattering as a trigger process. As shown in figure 19 holographic
light scattering can be detected, so that in a ring, outside of the direct beam,
light is scattered in other directions and with perpendiculax polarisation with
respect to the incoming beam.

Figure 19: Holographic scattering in SNP

The scattered light can interfere inside the crystal with IR or Is and a grating
is written. Subsequently, the diffracted intensities of IR and Is superimpose
the scattered light, because of their higher intensity. Phase transitions into
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the monoclinic or triclinic point groups are not necessary for the explanation
of holograms written with orthogonal polarized light.

Two questions are unresolved: the existance of 7r/2-phase gratings and the rotation
of the polarisation. Further measurements are needed for clarity.

In summary, holographic information storage can reach storage capacities of
about 100 TByte and and read-out velocities of lMByte//fsec by multiplexing
of optical fibres. The fixation techniques are thermal fixation by short laser
pulses of infrared laser light or electric fixation by electric pulses.
Applications of holography on metastable electronic states which are new in-
formation storage systems, reveal a lot of informations about these new states
and demonstrates that holography is a very important tool analysing solid state
problems.

THIS WORK WAS SUPPORTED BY THE DEUTSCHE FORSCHUNGS GEMEINSCHAFT

(PROJECT W O 618/1-1).
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