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Two-step two-color recording in a photorefractive praseodymium-doped
Las;GasSiO 4, crystal
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Two-step two-color recording is demonstrated in a photorefractiy©&8i0;,:Pr** crystal using

cw laser radiation. The 488 nm line from an Ar-ion laser is used for gating and gratings are written
using a Ti:sapphire laser operating in the range from 788 to 840 nm. The dependence of holographic
recording on grating and writing intensity is investigated. A saturation of the sensitivity is found for

2 Wicn? of grating intensity. A threshold photon energy of 1.53 eV for the second excitation step
is observed. ©1999 American Institute of Physid$$0003-695(99)01726-X]

Several different requirements have to be met before hopossibility of using this absorption channel for nonvolatile
lographic information storage will find use in practical appli- two-step two-color recording.
cations. One of the most important demands is that stored The crystal LgGa;SiO,, is a piezoelectric crystal be-
information can be read out without erasure. At the saméonging to the point group 32. For the measurements a

time, however, a reversible process where recorded data c&mple grown using the Czochralski method with dimen-

. . 0 _3 g
An attractive all-optical recording scheme has been sugWith & density ;313'5‘ 10?%cm. In addition to the two-step
gested in order to meet both the requirements of nonvolatiiiPnization of Pr™ a secondary center also contributes to the
readout and reversibility. The technique is based on so- photorefractlve_effiect allow!ng recording off resonance at
called two-step two-color recording. In this process, Iight514 nm, see Fig. 1.The main charge t.ransport process in-
with two different wavelengths is used for recording. Thevolved in the photorefractive process is found to be photo-

. ) . voltaic currents.
first wavelength is used to form an interference pattéot

o . . Holographic gratings are written using infrared light
logram inside the crystal while the second wavelength Strom a Ti:sapphire laser system operating at wavelengths in

_used for gating of the photorefractive process aIIO\_/ving thethe range from 788 to 850 nm. Two TE-polarized writing
interference pattern to be transformed into a refractive 'nde’ﬁeams, symmetrically incident at an angleof 13.5°, are
modulation. The physics of the gating process is to excitgjightly focused to a diameter of 1 mm onto the sample. The
electrons from photorefractive donor centers to the conducheams propagate along thewxis of the crystal and the grat-
tion band via a two-step excitation process. In the first steping wave vector is parallel to theaxis. The process is gated
electrons are excited by a beam at the first wavelefgal  using the 488 nm line of an Ar ion laser. The diameter of this
ing beam to a localized intermediate state. From this statebeam is 2.5 mm in order to ensure homogeneous illumina-
light of the second wavelengttwriting beam$ excites the tion of the writing area. The gating beam is polarized at an
electrons to the conduction band. If the material is insensiangle3=53.5° with respect to the axis in order to prevent
tive at the wavelength of the writing beams nonvolatile read-a strong photovoltaic current to be induced by the gating
out using one of the writing beams is obtained simply bybeam"? The diffraction efficiency is measured by switching
shutting off the gating light during readout.

The primary drawback of this technique is that pulsed 600
lasers with intensities of the order of %010° Wicn? are | He Py
usually needed in order to efficiently realize the two-step
excitation proces$:® In the last few years, however, a vari-
ety of materials have been discovered in which two-step ex-
citation can be realized at moderate intensities allowing the
use of cw laser sourcés® Common for these materials is
the doping with rare-earth Pr ions. Recently, it has been
shown that electrons can be excited efficiently, through a . . . . .
two-step excitation process, to the conduction band of 430 450 470 490 510 530 550
LagGa;SiO,:PrP* using the®H,—3P, excitation channel at Wavelength [nm]

488 nm of P?"; see Fig. £ In this letter we investigate the
FIG. 1. Absorption spectrum of L&aSiO,,:Pr** measured at room tem-
perature. The characteristic absorption peak corresponds to interatomic ex-

3E|ectronic mail: thomas.nikolajsen@risoe.dk citations of the 42 multiplet of PF* (Ref. §).
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FIG. 3. Wavelength dependence of the ratio of the decay time constant
(b] the dark decay time constan . The intensity of the beam used for mea-
— " suring is 20 W/cra The error bars indicate the uncertainty of approximately
o, 3007 7 2% on the fit of the data to a single exponential decay.
©
2
2 20x10 g i.e., twice the saturation intensity, is shown in Fi¢b)2 The
5 observed linear dependency suggest that the saturation be-
@ havior of the sensitivity is related to a saturation of the in-
1.0x10% T termediate level acting in the two-step recording process.
Assume that the two-step excitation process goes
o through theP, excited state of Bf. From the measured

0 2 20 a0 a0 absorpt_ion. coefficients, .see.Fig. 1 and density of" F?ons.

the excitation cross section is estimated to be as a maximum
of the order of 1.5 10" 2° cn?. An estimate of the lifetimes
FIG. 2. Dependence of the sensitiviayon light intensity.(2) shows the  Of the excited states of Pr is obtained measuring the decay
dependence on grating light intensity with the total intensity of the writing of the luminescence emitted from the crystal when illumi-
beams § =810 nm kept constant at 60 W/chwhile (b) shows the depen- o404 by light withh =488 nm. These measurements reveals
dence ofa on total writing light intensity with grating intensity kept constant e .. . .
at 4 Wicn?. a lifetime in the order of 1Qus. Using these values suggests

that intensities of the order of ¥@W/cn? are needed in order
. _ to obtain saturation which is several orders of magnitude
off one of the writing beams every 15 s for approximately

05 d itoring the t ed and diffracted ‘ {targer than what is observed experimentally. This indicates
- S and monttoring the transmitted and difiracted part Ot the nature of the intermediate levels involved in the
the second writing beam.

: . . . . rocess is not excited states of PrDetermining the exact
Using the Kogelnik formul¥ for diffraction and consid- b 9

. X . . Pature of these levels will be the subject of future work.
ering the space-charge field to follow a single exponentia

. L ) . o Saturation values of the diffraction efficiency are mea-
buildup we obtain in the small diffraction efficiency, short . . : . .
. S L sured with and without gating. Using 4 W/énof gating
time limit approximation

intensity (488 nm and a writing intensity of 60 W/cA(788
p~alt?, (1) nm) a diffraction gﬁiciency of approximately I(j is ob_-
tained. In comparison the saturation value obtained without
In order to obtain saturation values for the diffraction effi- gating is one order of magnitude smaller. The nonzero sen-
ciency exposure times longer than 30 min are needed. Thusitivity without gating light is assumed to be due to a weak
buildup of the diffracted signal is monitored in the short time excitation of electrons from the secondary photorefractive
limit, here defined as the first 100 s of recording where ecenter.
quadratic dependence on time is observed as seen from the The decay of the gratings is investigated under illumina-
inset on Fig. 2a). The parametea is used as a measure for tion with only one of the writing beams with an intensity of
the photorefractive sensitivity of the crystal. 20 W/cnt. The decay of the gratings is monitored over a
In Fig. 2(a) measurements of the sensitividyis shown time period of 1 h. In order to compare the decay at different
as a function of gating light intensity. The wavelength of thewavelength the data are fitted to an exponential law with a
writing beams is\ =810 nm and the total writing intensity is single decay time constant. In Fig. 3 the ratio of the observed
held constant at 60 W/cmWithout the gating light a sensi- decay time constants under readeub the dark decay time
tivity of a=7.5x10"% s 1 is recorded, while at a gating constantry, is plotted as a function of wavelength. Here the
light intensity of 2 W/cm the sensitivity saturates @&  dark decay time constanty,=8.2x10% s is measured by
=2.5x10 ° s 1. This saturation behavior is similar to that leaving the crystal in the dark for 1 min and then probing the
observed before for two-step recording in praseodymiungrating fa 1 s using one of the writing beams. The observed
doped LiNbQ.*! The dependence on the total writing beamincrease in decay time constant with increasing wavelength
intensity, with a constant gating beam intensity of 4 Wicm suggests that nonvolatile recording, limited only by the dark

Total writing intensity [W/cm?]



Appl. Phys. Lett., Vol. 74, No. 26, 28 June 1999 Nikolajsen et al. 4039

3510 —— In conclusion, we have realized the first two-step two-
I l color recording in praseodymium doped;GaSiO;, crys-
3.0x10% T tals using cw illumination. Saturation of the sensitivity is
55109 ) qbserved with incregsing gating inter_lsity, w_hereas a str.igtly
AP linear dependence is observed for increasing total writing
T 20010% | intensity. Diffraction efficiencies of 10° are obtained. From
-‘E ] ] the dependence of the sensitivity to the wavelength of the
2 45x10Y E g writing beams it is found that a threshold photon energy of
§ E E . 1.53 eV (810 nm is needed to excite electrons from the
1.0x10% E 7 excited intermediate state to the conduction band. From the
] saturation behavior of sensitivity on gating intensity it is con-
5.0x10% 1 cluded that excited states of3®rcannot provide the inter-

780 79 800  sio 820 830 saw sso  Mmediate level involved in the recording process.

Wavelength in [nm] One of the authoréP.M.J) acknowledges financial sup-

FIG. 4. Dependence of the sensitiviyon the wavelength of the writng  port from the Danish Natural Science Research Council,

beams. The holographic gratings are recorded using a gating light intensitisrant Nos. 9502764 and 9600852.
of 4 W/cn? and a total writing intensity of 60 W/ct The error bars on the

plot indicate an estimated uncertainty of 20% of the measured values which

primarily arises from strong sensitivity of the measurements to lineup of the

narrow writing beams.
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