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Multilayered optical data storage using a spatial soliton, which has the potential to increase the
number of recording layers, is proposed and experimentally investigated. A Ti:sapphire pulsed laser
focusing near the surface of a Ce-doped Sr0.75Ba0.25Nb2O6 crystal generated a second-harmonic
�SH� beam associated with the self-focusing fundamental laser and induced SH collision responses
to the counterpropagating laser pulses. Using threshold controls, single-bit data were recorded with
a domain-reversal technique at the collision point, and its data were read out through a
quasi-phase-matched SH generation process enhanced at the reversed domains. Multilayered
recording and selective data rerecording were also demonstrated. © 2008 American Institute of
Physics. �DOI: 10.1063/1.3050454�

Multilayered optical data storage1–3 is interesting for de-
veloping high-density optical data storage systems. Such sys-
tems record data in three dimensions using a highly focused
laser beam spot and can achieve data storage densities higher
than a single layer system. However, the main difficulties are
spherical aberration and short working distance of the focus-
ing lens when the laser beam is focused at deep areas. This
restricts the number of recording layers because it is difficult
to record bit data at deep layers. To address these difficulties,
we propose a multilayered optical data storage using a spatial
soliton that will greatly increase the number of recording
layers.

Figure 1 shows the principle of multilayered optical data
storage using a spatial soliton. This system focuses laser
beams near the surface of the nonlinear recording media to
produce an optical spatial soliton propagating in the depth
direction �z-direction� to avoid the main difficulties associ-
ated with multilayered optical data storage systems. The spa-
tial soliton enables high-density optical recording deep into
recording media because the beam width remains constant at
all z positions. Data recording is accomplished by the colli-
sion effects of counterpropagating �CP� laser pulses. Physical
or chemical change in the media is induced by nonlinear
optical interactions at the pulse collision point. The lateral
and axial bit sizes are determined by the spatial soliton beam
width and the laser pulse width, respectively. Multilayered
recording is performed by changing collision points in three
dimensions. If the formation condition of the spatial soliton
is not affected by optical losses such as photoabsorption and
light scattering, we can achieve multilayered optical data
storage with theoretically no limit to the media thickness and
number of recording layers because the spatial soliton can
propagate infinitely.

Such optical data recording is realized by three elemen-
tal technologies: �i� formation of an optical spatial soliton in
the recording media, �ii� nonlinear optical collision response
of CP laser pulses, and �iii� physical or chemical change in
the media at the collision point. To investigate these tech-
nologies, we selected a strontium barium niobate �SBN�
crystal as a storage medium. The crystal, with excellent pho-

torefractivity and relaxor ferroelectricity,4 has been used in
studying holographic recording,5,6 optical spatial solitons,7

domain reversal,3,5,6,8–12 second-harmonic generation
�SHG�,8–12 and CP response.12–14 In the present study, a
cerium-doped SBN:75 �Ce:SBN:75� crystal was used for its
effective photoabsorption. It has a Curie temperature �TC� of
�56 °C and coercive electric field �Ec� of �0.7 kV /mm.

A Ti:sapphire ultrashort pulsed laser �CDP Systems
Corp., Tissa-20�, with a pulse width, central wavelength, av-
erage optical power, and repetition rate of 55 fs, 800 nm,
240 mW, and 80 MHz, respectively, was divided into two
beams to irradiate a Ce:SBN:75 crystal having dimensions of
3�4�5 mm3 from both sides �Fig. 2�. The CP lasers were
individually focused near the crystal surface with a numeri-
cal aperture of 0.08. The laser path lengths were adjusted to
meet the CP pulses in the crystal. The polarization of the
laser beam and c-axis of the crystal coincided with the
x-axis, where x, y, and z axes are defined in Fig. 2. A Peltier
element �PE� controls the crystal temperature T, and an ex-
ternal electric dc field E is applied parallel to the polar
c-axis. The collision point of the CP pulses along the z- and
x-directions was controlled by optical delay in one optical
path and by scanning the crystal, respectively. The beams
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FIG. 1. �Color online� Multilayered optical data storage using a spatial
soliton.
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propagating within the crystal were observed through a di-
chroic filter �DF� using a charge-coupled device �CCD� cam-
era situated along the y-direction, perpendicular to the crystal
c-axis.

First, the formation of the optical spatial soliton was
investigated. High intensity Ti:sapphire laser pulses pro-
duced the fundamental beam �FB� and its SH beam �SHB�
within the crystal. The SHB is formed by the SH radiation
emitted in a plane perpendicular to the crystal c-axis. We
observed only the SHB to examine the nonlinear optical ef-
fects at the collision point. Figure 3�a� shows the SHB image
when the fundamental pulsed laser was irradiated from the
left side at T=25 °C and E=0.0 kV /mm. The full widths at
half maximum �FWHMs� of the transverse beam profile
�x-direction� are 8.4 �m at z=z1 and 7.1 �m at z=z2 �Fig.
3�b��. The beam width of the SHB remains almost constant
at a distance of 400 �m �=z2−z1�, which is associated with
the self-focusing process for the FB.11 We verified in a pre-
vious experiment that the SHB width was almost constant
over about 1 mm distance. The shorter distance observed in
this experiment is due to optical loss by scattering and pho-
toabsorption of the FB and SHB.

Using the SHB, we investigated the optical collision re-
sponses of the CP pulses. When the pulsed laser was irradi-
ated from both sides, a stable CP self-trapped beam was ob-

served in the SBN crystal even though instable CP spatial
solitons in bulk media were reported in earlier works.13,14

Figure 3�c� shows the CP beam and SH collision responses
of the CP pulses. The SH intensity is enhanced at the colli-
sion point �z=z3�. The position of z=z4 corresponds to the
noncollision point, which is located 50 �m from z=z3. Fig-
ure 3�d� shows the transverse beam profile at z=z3 and
z=z4. The FWHMs of the SHB width and SH intensity are
6.3 �m and 0.34 at z=z3, and 6.5 �m and 0.91 at z=z4,
respectively. The beam widths at z=z3 are 0.97 times smaller,
and the intensities are 2.7 �=0.91 /0.34� times larger than
those at z=z4. The optical response at the collision point of
the SHB exhibited nonlinear behavior in the SH intensity.

To record bit data at the collision point, we attempted
to reverse the small domains �size, 1–8 �m�, which are
known to build a random ferroelectric domain structure, at
the collision point by threshold control of T and E. Initially,
the SBN crystal is electrically poled at T=50 °C and
E= +0.7 kV /mm for �t=30 s. Then, it is cooled to T
=25 °C. To reverse the crystal domains at the collision po-
sition, a negative field E of −0.2 kV /mm was applied for
�t=0.5 s. Figure 4�a� shows a SH intensity image during the
depoling process. The axial beam profile of the SH beam at
the collision point is 29.7 �m in the FWHM. Next, the lo-
cally disordered domains were inspected by laser pulse irra-
diation from the left side of the crystal at E=0.0 kV /mm.
Figure 4�b� shows a SH intensity image, in which SH en-
hancement is observed at the collision point. The enhance-
ment process is explained by the quasi-phase-matching,
which is provided where the domain structure relaxed to a
randomized state due to local heating.8,10,11 The axial beam
profile corresponding to the collision position is 19.3 �m
FWHM and is reduced by a factor of 0.65. This reduced
intensity profile indicates that the reversed small domains are
generated at a part of the collision area, i.e., nonlinear en-
hanced SH photons were effectively absorbed by cerium at-
oms doped in the SBN crystal, resulting in a local increase in
the crystal temperature. The small domains were reversed at
the local area where E�Ec. Figure 4�c� shows a schematic
of reversed domains formed within a collision area. Single-
bit data are recorded as an aggregate of the reversed small
domains.

With this domain-reversal technique, multilayered re-
cording was realized by changing the collision point along
the x- and z-directions. First, we investigated lateral record-
ing at z=z5. To reverse the aggregate of small domains at
three different x positions with the bit interval of 300 �m,

FIG. 2. Experimental setup: Ti:S, Ti:sapphire laser; SBN, SBN crystal;
CCD, charge-coupled device camera; PE, Peltier element; DF, dichroic fil-
ter; ST, stage; S, shutter; A, aperture; HM, half-mirror; M, mirror; O, objec-
tive; L, lens. The CCD camera captured the beam images from the
y-direction normal to the crystal c-axis.

FIG. 3. SHB and collision of CP laser pulses. �a� SH beam associated with
the self-focusing FB. �b� Lateral beam profiles of SHB at z=z1 and z2 in �a�.
�c� SH collision response. �d� Lateral beam profiles of collision point at
z=z3 and noncollision point z=z4 in �c�.

FIG. 4. Bit data recording and its reading. �a� Recording process of bit data
at the collision point of CP laser pulses. �b� Readout of the recorded data by
SHG enhancement. �c� A schematic of reversed domains recorded in the
collision area.
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the negative field E=−0.2 kV /mm was successively applied
for �t=0.5 s when the collision point is located at each po-
sition. Then each data were read out by irradiating the fun-
damental pulsed laser from the left side of the crystal. Figure
5�a� shows readout images recorded at x=x1, x2, and x3,
where the SH intensities are enhanced. We also investigated
axial recording at x=x4. With similar E and �t, the local
domain reversals were successively performed at z=z6, z7,
and z8 with the distance of 100 �m between neighboring
layers. When the pulsed laser was irradiated from the left
side of the crystal, the SH intensities were simultaneously
enhanced at each position �Fig. 5�b��. However, the signal to
noise ratio �SNR� decreased, which suggests that a small
amount of reversed domain was also generated at the non-
collision area, and the cross-talk reduced the SNR in multi-
layered recording.

Then, to investigate selective data erasing, a positive
field E of +0.2 kV /mm was applied for �t=0.1 s when the
collision point was at �x ,z�= �x4 ,z7�. Figure 5�c� shows that
the SH intensity at z=z7 decreased slightly when the crystal
was irradiated from the left side at E=0.0 kV /mm. The
positive external electric field reduced the number of re-
versed domains. When an appropriate threshold is set be-
tween the recording bit and erased bit signals, the bit data at

z=z7 can be regarded as erased data. Further, to investigate
rerecordability of the system, we tried to rerecord bit data at
the erased position of z=z7. A field of E=−0.2 kV /mm was
applied for �t=0.5 s when the collision point was at z=z7.
The SH intensity is enhanced again at z=z7 where the re-
versed crystal domains are reproduced �Fig. 5�d��. This tech-
nique can provide rerecordable multilayered optical data
storage.

We have proposed multilayered optical storage using a
spatial soliton and demonstrated basic experiments of multi-
layered bit recording, reading, erasing, and rerecording.
These effects are operative at the collision point of CP laser
pulses using domain reversal in a Ce-doped SBN:75 crystal.
The experimental results can lead to important techniques of
axial local photon control of high spatial resolution deep
inside materials. However, many issues remain to be ad-
dressed in this optical data storage system. In the future, we
should investigate �1� bit size reduction, �2� decrease in bit
and layer intervals, �3� a shorter recording process, �4� or-
ganic materials as recording media, �5� SHG reduction in the
noncollision areas, �6� increase in number of recording lay-
ers, �7� SNR enhancement, and �8� coaxial bit data and lat-
eral parallel data reading. Further, the physical mechanism of
SH optical responses of CP laser pulses and the interaction
between the response and media should be investigated in
detail.
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FIG. 5. Multilayered optical data storage and selective data rerecordability.
�a� Lateral data recording at the different positions of x=x1, x2, and x3. �b�
Axial data recording at the different positions of z=z6, z7, and z8. �c� Selec-
tive bit data erasing at �x ,z�= �x4 ,z7�. �d� Rerecording bit data at the erased
position of �x ,z�= �x4 ,z7�.
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