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Nonvolatile Holographic Storage with Two-Step Recording in Lithium Niobate using cw Lasers
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We have demonstrated nonvolatile holographic storage with two-photon, two-step recording in
nominally pure lithium niobate. An energy level slightly below the conduction band with life-
time 10-100 ms was found to be the intermediate state in the two-step electron ionization.
The long lifetime allowed the use of cw lasers with moderate intensity at near infrared wave-
lengths. Nonvolatile readout of volume holographic images stored at near infrared wavelength was
demonstrated. [S0031-9007(97)02927-X]

PACS numbers: 42.40.Ht, 42.70.Ln, 42.70.Nq, 42.79.Vb

Holographic data storage holds forth the promise of verycan be erased and recorded over and over again. On
high storage densities and parallel access capabilities. bhe other hand, this reversibility also makes the media
a holographic recording system, a coherent light sourcgolatile—they can be easily erased during the process of
is split into a reference beam and an object beam that ieeading the recorded interference pattern. During the read
spatially modulated by a two-dimensional grid (or dataout, the read beam causes the electrons in the recording
source) containing the information to be recorded. Thesenedia to reenter the conduction band where they diffuse
two beams are then directed onto a single region of a holde a uniform distribution, thereby erasing the recorded
graphic recording medium where they interact to generataterference pattern.
an interference pattern. The recording medium is made In an effort to overcome this problem, it has been pro-
from a light sensitive material that records the resulting inposed to use a “two-photon,” or “two-step,” recording
terference pattern, and thereby stores the information prgrocedure, so named because it requires two photons to
vided on the grid. A virtual image of the grid can be excite an electron to the conduction band [2]. It has been
constructed at a later time from the recorded interferencehown that two-photon recording can be accomplished by
pattern by illuminating the medium with a read beam thatlluminating the photorefractive material with a “gating”
has the same characteristics as the reference beam. Bmeam at one wavelength and writing beams at a second
cause of the restriction of the Bragg condition, many im-wavelength (Fig. 1). The two wavelengths are chosen
ages can be independently recorded at slightly differersuch that photons at the writing wavelength have insuf-
wavelengths and crossing angles between the object ariidient energy by themselves to promote electrons to the
reference beams, which are commonly referred to as waveonduction band. However, the sum of the photon en-
length multiplexing and angle multiplexing. High storage ergies for the two wavelengths is sufficient to promote
densities are thus achieved. electrons to the conduction band. In application, a first

Photorefractive materials, especially single domain ferphoton excites an electron to an intermediate state close
roelectric crystals such as lithium niobate, have been into the conduction band. Then while the electron is tem-
vestigated extensively as potential holographic recordingorarily residing in the intermediate state, a second pho-
media [1]. In such materials, incident optical radiationton (typically of a different wavelength) promotes it to the
excites electrons from some partially filled, multivalentconduction band where it migrates and becomes trapped
“deep traps” near the middle of the band gap to the con-
duction band where they migrate from the illuminated ar-
eas to the dark areas (for simplicity, we ignore the effects C.B.
from holes). The electrons are then captured by the empty A >
traps, forming a spatial density distribution that mimics *
the optical pattern. After the optical pattern is removed,
the electrons remain trapped in the same locations tha
they assumed during the illumination. Thus the photore-*s
fractive material can record an optical interference pattern
in the form of a spatial distribution of electrons. Through
the linear electro-optical effect this electron distribution
causes a corresponding spatial distribution in the refrac-

tive index that can diffract the reference beam to construdf'G- 1. Two-step holographic recording. C.B.and D.T. de-
the virtual image. note conduction band and deep trapo, Er, and & denote

. . object, reference, and gating beams, respectively. In reading
One of the most attractive features of the ferroelectricshe hologram, only the reference beam is ong dénotes the

as storage media is their recording reversibility; i.e., theyiffracted beam.
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to record the interference pattern as described above. TheA 5 X 5 X 5 mm’ nominally pure single domain
recorded information can be read by a single read beantithium niobate crystal was used in the experiment.
the same as that in the conventional “one-photon” caselhe direction of the macroscopic electric dipole is, by
Because the photons from the read beam have insufficiedefinition, denoted to be positive axis. As is generally
energy to promote electrons to the conduction band, theeue in most ferroelectrics, light modulations along the
reading process causes very little erasure. However, the axis tend to give the largest change in the refractive
recording reversibility remains because the media can stilhdex. A cw Ti:sapphire laser pumped with an argon ion
be erased using the gating beam (or gating beam plus refaiser was used for writing and reading the holograms.
erence beam) when it is desired. The Ti:sapphire laser was continuously tunable from
In the early work [2,3] on the two-photon recording, 690 nm to1 um. In writing the holograms, the laser
the intermediate states used were either the “virtualas split into two beams, an object beam and a reference
states” formed by high intensity laser fields or thebeam, by a beam splittdiR = 40%) and then focused
lower levels of transition metal dopants. Because of theéo the crystal with a crossing angle ef5°. The laser
short intermediate state lifetime, the resulting recordingoeams were polarized approximately along theaxis
systems require expensive high intensity mode-locked oof the crystal. For two-color, two-step gated recording,
Q-switched lasers. More recently, two-step recordinga small portion of the argon ion laser at 515 nm was
via some unidentified “shallow traps” usin@-switched brought to the interaction region in the crystal. In reading
pulsed lasers was also demonstrated [4]. In all of thesthe holograms, the object beam was blocked and the
cases, lasers with peak intensity MW /cn? were used. diffraction of the reference beam propagating along the
The cost and the physical size of the high intensityobject direction was detected. The diffraction efficiency
lasers present a big obstacle to the realization of &, which is defined to be the ratio between the diffracted
commercially viable, nonvolatile read/write holographicbeam intensity and the reference beam intensity, was
recording system. thus measured. All the measurements were carried out at
Like many other optical devices, it is of very high room temperature.
practical importance for a holographic recording system In the first set of measurements, the Ti:sapphire laser
to incorporate inexpensive semiconductor diode lasers iwas tuned to various recording wavelengths from 690 to
its design. With currently available diode lasers, the995 nm. At each wavelength, holograms were recorded
obtainable intensity is about 1 tt) W/cn? in the near with and without gating beam. In the absence of gat-
infrared spectral region. Using the analysis in Ref. [2], onéng beam, the diffraction efficiency was found to drop
can estimate that the required intermediate state lifetime igery rapidly with the increase of wavelength, and became
~10 to 100 ms for efficient two-step recording in lithium practically nonmeasurable at> 800 nm. The intensity
niobate. However, dopants having such a long radiativelependence was found to be characteristically that of a
lifetime are rarely known. Those that do may not havetwo-photon recordingy ~ I*. In the presence of the
a large enough absorption cross section to produce B1l5 nm gating beam, the diffraction efficiency became or-
sufficient number of free electrons. ders of magnitude larger, and more importantly, decreased
In the course of our research, we found that there arenuch slower with the recording wavelength. In Fig. 2,
some energy levels with lifetimes10 ms naturally exist- diffraction efficiencies are plotted as functions of record-
ing just below the conduction band in many ferroelectricsing wavelength. All data points were taken with a fixed
and that these levels can be used as the intermediateiting intensity of 2.0 W/mn? and exposure time of
states for the two-photon recording using low intensityl.0 sec. For two-color writing, the 515 nm gating beam
cw lasers. These levels can be accessed through the tailth an intensity of0.8 W/mn? was simultaneously on
of the band edge absorption, and thus can provide suffduring the exposure. Note that the vertical scales are dif-
cient absorption at properly selected gating wavelengthderent for the two sets of data. The gating efficiency, de-
In the second step excitation, efficient holograms can béned to be the ratio between the diffraction efficiencies
written at red and near infrared wavelengths, which fallobtained with and without the gating beam, is extrapo-
right in the diode laser wavelength range. Because thkated to be on the order dfo* at 800 nm. On the short
gating beam generally does not have to be from a coheremtavelength side, gating efficiency is extrapolated to be on
light source, a nonvolatile read/write holographic record-the order of 10 at 600 nm, which sets a practical upper
ing system based on low cost diode lasers and incoherehitit on the writing photon energy.
lamps are within reach. In the small diffraction limit, the diffraction efficiency
We carried out two-step recording measurements ifis proportional to the square of the amplitude of electron
several single domain ferroelectrics, including lithium density modulatiory,.. For the two-step recording, can
niobate, lithium tantalate, barium strontium niobate, ande approximately expressed as [5]
barium titanate. Since lithium niobate was found to give _ .
the best overall performance, the results from a pure ne = [a(Ag)ly7][o™(Aw)]y1] X const (1)
(undoped) lithium niobate sample are presented. where « is the absorption coefficient of the medium,
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Writing Wavelength (nm) whererp is the time delay between the writing pulses and
700 800 900 the gating pulse. Thus lifetime of the intermediate state
' ' ' 10 can be derived from the time-delayed recording measure-
ments. In Fig. 3, the diffraction efficiency is plotted as a
function of time delay between the writing pulses and the
gating pulse. The intermediate state lifetime is found to
102 be 39 ms. (Intermediate state lifetimes in lithium niobate
crystals from different sources vary from 5 to 100 ms.
Intermediate state lifetime in a lithium tantalate was mea-
. 3 sured to be 12 ms. Intermediate state lifetime in a barium
. ] titanate was measured to be 33 ms.)
. 10° To demonstrate nonvolatile holographic image storage,
we expanded laser beams to 2 mm in diameter and
recorded an image of the United States Air Force target
chart using the two-step recording procedure. The results
are shown in Fig. 4. The total writing intensity was
FIG. 2. Two-color (circles) and one-color (squares) photore-|0 W/cn? at 810 nm, and the gating intensity was
fractive responses. The horizontal scale is the writing photory () W/cn? at 515 nm. Total exposure time was 13.5 sec.
ggaelrg)éélvggvelength). Note the difference between the two Velrhe diffraction efficiency is2 X 10-°. The hologram
was stored up to 200 h and read continuously for 20 h.
No reduction of diffraction efficiency was observed in the

A, (A,) is the gating (writing) wavelengthi, (1,) is ~ €ntire period. - _ o _

the gating (writing) photon flux (intensity normalized by In order to identify the migrating charge carriers, we
photon energy)s is the intermediate state lifetime;* ~ Performed a two-beam coupling measurement. In this
is the absorption cross section for the excitation fromeXperiment, the intensity of the object beam was measured
the intermediate state to the conduction bands the at the two opposite crystak4{axis) orientations. When
exposure time, and > 7 is assumed. The terms in the positivez axis and the object beam form an acute
the first parentheses give the electron population in th@ngdle, the intensity became lower in the presence of the
intermediate state. The terms in the second parenthesBdMP beam (coupling loss). In the opposite orientation,
describe the second step excitation. Note that dependirgupling gain was observed. According to the analysis in
on the perspective, subscrigtendw are interchangeable; Ref. [6], this indicates that the charge of the free carriers
i.e., I, (and1,) can function as both gating and writing 'S negative; i.e., the carriers are indeed electrons, which is
beams. In particular], is to be replaced by, in the ~ consistent with our physical picture. o

case of one-color, two-photon writing. From Eg. (1), We also attempted to identify the origin of these
we can see that, when the gating beam and the writin{Png lived intermediate states by having the sample
beam are of comparable intensity, the gating efficiencyrO0mposition analyzed with spark mass spectroscopy. It
is given by[a(A,)/a(A,)P. The large gating efficiency Was found that all of the major transition metal impurities,
observed in our experiment is the result of extremely small
absorption at the near infrared writing wavelength. One
can expect the gating efficiency to further increase at blue
to UV wavelengths where the absorption is larger (we
have indeed observed much larger gating efficiency using
a broadband UV filtered halogen lamp for given gating
intensity).

The lifetime of the intermediate state was measured -
with time-delayed two-step recording. The writing wave-
length was at 795 nm and the gating at 515 nm. The laser
beams were chopped by acousto-optical modulators to-
produce pulses of 10 ms in duration. The writing pulses
were delayed from the gating pulse. After being excited
to the intermediate state by the gating pulse, the elec- 10
tron population in the state starts to decay according to
exp(—tp/7), assuming the population decay is exponen-
tial. The diffraction efficiency will decrease accordingly, FIG. 3. Time-delayed two-step writing. The horizontal scale

is the time delay between the writing pulses and the gating
n = noexp—2p/71), (2) pulse.
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up” at room temperature, which results in the finite life-
time observed here. When exposed to the writing laser
beams, the bound electrons are excited to higher orbits in
the conduction band where with large mobility they mi-
grate away from the excitation region, and then are cap-
tured by some deep traps in the dark region. A hologram
is thus recorded. With this picture, it is clear that for the
two-step effect of occur, the polaron states have to greatly
outnumber the deep traps. In our experiment, we found
from the intensity dependence that, in the visible region
around the gating wavelength 515 nm, one-color record-
ing is a mixture of one-photon and two-photon processes.
The competition of these two is described by the “branch-
ing ratio”—the ratio between the relaxation rate to the po-
laron state and that to the deep trap states. These rates are
proportional to the densities of states. This explains why
the cw two-step effect was not observed in commonly used
multivalent transition metal ions doped materials: Concen-
FIG. 4. Nonvolatile holographic image storage at 810 nmtrations of the deep traps are simply too high. For example,
using two-step recording. Clockwise from top left: objectin a3 0.01% Fe doped lithium niobate commonly used for
image, virtual image from the hologram a few minutes aftergne bh6ton recording, more than 90% of the iron ions are
writing, after 100 h storage and 10 h continuous reading, and T ’
after 200 h storage and 20 h reading. in the FE* states (d_eep traps). Hoyvever, dopants such as
rare earths that exist only in the single valence state and
hence do not act as deep traps are expected to improve the
including Fe, Cr, Cu, and Mo, are below 1.3 ppm, and alkwo-step sensitivity, because they can increase the lattice
of the rare-earth impurities are below 0.03 ppm. Thus it idistortion and the band tail absorption [10].
clear that these states are intrinsic; i.e., they are associatedThis work was supported in part by DARPA
with some defects in the host lattice. (MDA972-93-2-009).
In some previous low temperature light induced absorp-
tion measurements [7,8], it was found that the absorption
profile of nominally pure lithium niobates could be drasti-
cally modified by intense light illumination & < 80 K. [1] Photorefractive Materials and their Applicationgdited
In particular, prominent absorption appeared at the near by P. Gunter and J.-P. Huinard (Springer-Verlag, Berlin,
infrared region after illumination. Accompanying this in- 1988), Vol. 1. ,
duced absorption, a signature of Nbwas observed in [2] AM. Glass and D. von der Linde, U.S. Patent

electron spin resonance measurements. Th&" Nias No. 3922061 (1975).
P ) [3] H. Vormann and E. Kratzig, Solid State Commu®, 843
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believed to be in the form of a “small polaron,” i.e., an (1984).
electron in the conduction band causing distortion in lat- 4] k. Buse, F. Jermann, and E. Kratzig, Opt. Mate.
tice and being trapped by a Nty which is the natural va- 237 (1995); K. Buse, L. Holtmann, and E. Kratzig, Opt.

lence state in lithium niobate. The binding energy of the Commun.85, 183 (1991).

small polaron was estimated to be 0.4 eV, while the peak[5] A.M. Glass, Opt. Engl17, 470 (1978). The propagation
of the induced absorption was around 1.6 eV [8]. Be- attenuation of the beams is assumed to be small, as is in
cause of the complex nature of the ferroelectrics, induced  our case, and hence neglected.

absorption usually was not expected to produce the two-6] J. Feinberg, D. Heiman, A.R. Tanguay, Jr., and R.W.
step photorefractive effect [9]. However, it does seem _ Hellwarth, J. Appl. PhysS1, 1297 (1980).

plausible to attribute the intermediate states observed i’} (;éli.lg;:grmer and D. von der Linde, Appl. Phys. L&,
our experiment to these small polf'slrons. [8] K.L. Sweeney and L. E. Halliburton, Appl. Phys. Led,
Therefore the two-step recording process can be de- " 53¢ (1983).

scribed as follows. The electrons are first brought by the(g] 5. oriov, M. Segev, A. Yariv, and R.R. Neurgaonkar,
gating beam to the lower edge of the conduction band ~ Opt. Lett. 19, 1293 (1994).

where they form small polarons. Although stable at low[10] Y.S. Bai, R.R. Neurgaonkar, and R. Kachru, Opt. Lett.
temperatures, these small polarons can thermally “break 22, 334 (1997).
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