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Role of cerium in lithium niobate for holographic recording
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Cerium-doped lithium niobate crystals are tested for holographic recording. A photochromic effect
is observed in crystals doped with cerium and manganese. But two-center recording in the sample
is not as effective as in iron and manganese doubly doped crystals. Photocurrent measurements in
cerium and iron singly doped crystals indicate that the photovoltaic constant in the cerium-doped
crystal is only one third of that of the iron-doped one. This is the main reason accounting for the low
sensitivity of cerium-doped lithium niobate crystals. However, in the diffusion dominated case, i.e.,
for reflection geometry, cerium-doped lithium niobate may give a strong effec0@ American
Institute of Physicg.S0021-897@0)08505-4

I. INTRODUCTION sponse and shows higher sensitiity? Charge transport

Hol hic data st . . didate f from and to Fe centers is already well known, but the impact
olographic dala storage 1S a promising candidate 1ofy¢ oo doping on the buildup of space-charge fields in

the next-generation mass-storage system. It offers two sul?:

tantial advant tional st technoloai INbOj3 is still unclear. McMillenet al. have reported holo-
stantial advantages over conventional storage technologie raphic recording in specially doped LiNR@rystals includ-
(1) multiple pages of data can be stored in the same volum

; ) . ihg a Ce singly doped oné,but no systematic consideration
(2) many bits are recalled in parallel. This enables a SIOra98,; the role of cerium has been carried out. In our present
. i . R?/ork, we have found that the Ce and Mn doubly doped
transfer raté. Inorganic photorefractive oxide crystals such LiNbO, has a strong photochromic effect, which may be

?S I't.h":rr]n nlobta;e (L,['th)h@’!‘N) hav_eb_zli_';tracte((jj mL{{Ch atte_r:_— very attractive for two-center persistent data storage. In this
uon in the past due 1o their reversibiity, moderate sensi Vcontribution, we investigate the photorefractive performance
ity, and availability in large size and good qualtty* The

: £ Vol h hol i Li i th of Ce-doped LiNb@ crystals. Comparisons will be made
storage ot volume phase holograms In iNpi@lies on the among the nominally pure, Ce-, Fe-, and Mn-doped samples.
presence of localized centers containing electrons that can be
optically excited into the conduction band. Various transition

metals have been introduced into LiNp&r the improve- IIl. SAMPLES

ment of sensitivity and dynamic rang&.Among various Singly doped (Ce, Fe, and Mn and doubly doped
dopands, Fe is most effective in producing large improve{Ce:Mn, Fe:MnLiNbO; samples as well as a nominally pure
ments in both the sensitivity and the maximum diffractionone are used in present experiments. Notations, doping lev-
efficiency. Recently two-center recording in Fe and Mn dou-e|s, and dimensions of the samples are listed in Table I. All
bly doped LINbQ has been realized to achieve persistentdoping levels refer to the values introduced into the melt. It
storag€’. lllumination with ultraviolet light excites electrons is known that even in nominally pure crystals there are usu-
from deep centefMn) to the conduction band and some of ally some background impurities incorporatédyut the con-
them may get trapped at the shallower cer{té®), which  centrations of such background impurities are generally
permits the storage of data by using red ligimavelength  much smaller than the intentionally doped impurity levels.
633 nm), but no erasure during the subsequent readout in the A samples arey cut and polished to optical quality.
absence of ultraviolet light. For the improvement of this Two kinds of thermal treatments have been conducted: oxi-
technique, a more red-sensitive dopand, which can replacgation and reduction. During oxidation, the samples are kept
Fe, is very important. in an oven with oxygen atmosphere at 1000 °C for at least 12
Cerium is known to be an effective trap center, whichh, while they are heated to 1000 °C in argon atmosphere for
can provide and capture charge carriers, in different kinds of2 h during reduction. In this way, the absorption of the
photorefractive crystals including strontium—barium—niobatedoped samples can be significantly changed, i.e., the valence
(SBN)® and barium—titanate (BaTid®'® Ce-doped SBN states of the trap centers can be varied.
has a very high sensitivity at visible wavelen§tand Ce-
doped BaTiQ is sensitive to both visible and near infrared
light.%1° Some previous reports on Ce and Fe doubly dope(!I”' EXPERIMENTS AND RESULTS
LiNbO5 suggest that this material has a wide spectral re- As mentioned above, the main purpose of this work is to
test whether Ce is an effective trap center in lithium niobate
crystals and to measure the performance of Ce-doped crys-

dAlso with: U.S. Army Aviation and Missile Command, Redstone Arsenal,

AL 35898-5248. tals for holographic record.ing, e;pecially in.the red. So we
Author to whom correspondence should be addressed. conducted measurements including conventional holographic
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TABLE |. Description of the samples used in the experiments. The doping 100 r v T . . v T

1
concentrations are wt % of the oxidEe,0;, Ce,0;, and MnQ in the melt
and dimensions arax b(thicknes$x ¢ in mn?.
Notation Dopant Doping level Dimensions 801
LN normally pure - B5<5X7 R
Ce:LN Ce 0.01-0.02 B5X7 £ 60
Fe:LN Fe 0.01-0.02 B5X7 g
Mn:LN Mn 0.05 4X1X6 2
Ce:Mn:LN Ce 0.085 182xX10 € 40
Mn 0.01 2 Ce:Mn:LN (d=2 mm)
Fe:Mn:LN Fe 0.085 182x10 £ after sensitization
Mn co2 v 4 e before sensitization
204 -
L e . Y T y T v T " T T T
recording in singly doped samples, sensitization by ultravio- 400 500 600 700 800
let light, and two-center recording as well as bulk photovol- wavelength (nm)

taic current measurements.
FIG. 2. Transmission spectra of the Ce and Mn doubly doped sample
A. Photochromic effect (Ce:Mn:LN) before(dotted curve and after(solid curvé ultraviolet illumi-

. _ . nation. Wavelength and intensity of the ultraviolet light are 404 nm and 4
It is known that the crystals are often photochromic if mwicn?, respectively, and the illumination time is 2 h.

two kinds of trap centers exist between the valence and con-

duction bands, which means that the absorption can be

changed by illumination because of the redistribution ofthe filling of Ce traps with the help of ultraviolet light and
charge carriers between these different traps. Three samplast to some kinds of emptied background impurities.

i.e., Mn:LN, Fe:Mn:LN, and Ce:Mn:LN are used in sensitiz-  The transmission spectra before and after ultraviolet il-
ing measurements. All crystals are strongly oxidized beforgumination in Ce:Mn:LN are measured and the results are
the sensitization measurements were started to ensure thgesented in Fig. 2. It can be seen thatafté illumination
most of electrons are removed from the shallower trap cenpy ultraviolet, there is a broad induced absorption in the
ters(Ce or Fe. range from 450 to 650 nm. The large absorption caused by

In our experiment, we use ultraviolet lightvavelength  ultraviolet makes the material promising for two-center re-
404 nm and intensity 4 mW/ctnto illuminate the samples. cording at red.

A very weak red beani633 nn) is used to probe the trans-

mission as a function of illuminating time. Figure 1 shows o

the variation of the normalized transmission versus time fol3- Sensitivity

different samples. The relative change of transmission in A He—Ne laser operating at 633 nm is used for holo-

Ce:Mn:LN is much larger than that in Fe:Mn:LN. We per- graphic recording. The total intensity of the writing beams

form the sensitization measurement with the Mn singlyis 26 mwi/cnf. Both writing beams are ordinarily polarized

doped sample, too. As it can be seen from Fig. 1, no changgnd impinge on the crystal symmetrically at an incident

in absorption can be observed in this case, which means thahgle of 23° in air. The grating vector of the interference

the absorption variation in Ce:Mn: LN can be attributed topattern is aligned along the crystallographiexis. The dif-
fraction efficiencyy is defined as the ratio between the dif-
fracted and incident beam intensities, while the recording

1.02 T y T T T sensitivity is defined b)Sz(&\/Z/at)h:O/(lod), whered is
the thickness of the sample.

1007 LN First we strongly reduce the samples including LN,
0.984 Ce:LN, Ce:Mn:LN, and Fe:LN. In Fig. 3 we show the re-

E FeMniLN cording and erasure curves obtained in nominally pure, Ce-
§ 096 doped and Fe-doped samples. All of the samples have the
g same thickness. From these measurements, we get the sensi-
2 %% tivity data: S(LN)=0.002 cm/JS(Ce:LN)=0.007 cm/J,
€ head S(Ce:Mn:LN)=0.020 cm/JS(Fe:LN)=0.033cm/J. Clearly,
Ce:Mn:LN the increase of Ce concentration leads to an increase of re-
0.90 ¢ T cording sensitivity. Mn traps are too deep to get involved in

holographic recording in red. Therefore, holographic record-
ing in Ce:Mn:LN is similar to a LiNbQ crystal doped with
FIG. 1. Variation of normalized transmission at 633 nm for variously dopedonly 0.085 wt % Ce, corresponding to Ce concentration of

LiNbO3 during illumination with ultraviolet light. Wavelength and intensity _ 413 P ; -
of the ultraviolet light are 404 nm and 4 mW/émespectively. The samples Cee=14X 10*'m™2. This is two times as large as the con

S . 4, —3
were first strongly oxidized to ensure that most of the shallower centers ar@_e_nt_rat!on n Fe-LNCerg_?X 107 m™9). Howeyer, the sen-
emptied. sitivity in Ce:Mn:LN is still smaller than that in Fe:LN.

time (s)
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0.25 R A T T D. Photovoltaic current
HN:Fe(0.01-:0.02 woe) : Recording sensitivity and saturated diffraction efficiency
0.20- i depend on the photovoltaic constdnt. During homoge-
> : neous illumination, the short-circuited photocurrent density
s o5 Record Erasure ] is proportional to the absorbed power density, i.e.,
= ! ]
qg’ g J=kal, 1)
B 0.104 LN:Ce(0.01-0.02 wi%) ! . wherel is the incident intensityq is the absorption coeffi-
% cient, andx is the photovoltaic constant depending mainly
0.05- i on absorption center and wavelength. For the thick samples,
LN (pure) the light depletion due to a_bsorption must be considered and
0.00 A "‘ — : an averaged light intensity=1[1—exp(— ad)](ad) ! must
0 2000 4000 6000 8000 10000 12000 14000 be used.
time (s) Measurements of the photocurrents are made with an

FIG. 3. Evolution of the diffraction efficiency during holographic recordin electrometer having an input impedance much less than the
and.er.asure in nominally pure, Ce-doped gnd Fe-gdopedngEIlﬁﬁ)e three ’ crystal impedance. For illumination, we use a diode-pumped
samples have the same dimensions with the thickdess mm (wavelength  {requency-doubled Nd:YAG lasdwavelength 532 nm and
of writing beam 633 nm, total intensity 26 mW/@nordinary polarized, power 400 mW. The ordinarily polarized beam is expanded
grating vector along axis, and grating spacing 0m). to illuminate the whole sample homogeneously. All mea-
surements are made at room temperat@&°C). After the
illumination beam illuminates the sample for at least 10 min,
the steady-state photocurrent is detected. The delay is re-

The large light-induced absorption at 633 nm caused byjuired to eliminate the influence of pyroelectric curreffts.
ultraviolet light in Ce:Mn:LN is a very promising aspect for The determined photovoltaic constant for reduced Fe:LN is
two-center recording, but the smaller sensitivity of holo- x=1.3x10"°cm/V at 532 nm, which is in good agreement
graphic recording in Ce-doped LiNR@ompared to that in  with the results reported by Kizig and Kurz® For reduced
the Fe-doped sample is a discouraging result. To be certaiBe:LN, x=0.4x 10 °cm/V at 532 nm is measured. Ordi-
whether Ce:Mn:LN is a good alternative to Fe:Mn:LN, we narily polarized red light633 nn is also employed to illu-
conduct two-center recording in Ce:Mn:LN. minate the samples. In the case of Fe:LN=0.8

Two-center recording in Ce:Mn:LN is carried out by the x 10~° cm/V is obtained, while the value of the photovoltaic
following procedure: the strongly oxidized sample is firstconstant in Ce:LN cannot be determined under the present
illuminated by incoherent ultraviolet light for about 2 h, then experimental accuracy.
two ordinarily polarized red beams are turned on with the
ultraviolet light still present. Afte3 h recording, the ultra-
violet light and one of the red beams are turned off. TheE Reflection grating
diffracted beam intensity is monitored for about 10 h. As
shown in Fig. 4, the erasure of the recorded grating consists In LiINbOj; crystals, bulk photovoltaic currents as well as
of two parts: a fast decay and a relatively slow decay. Thesdiffusion currents contribute to formation of the space-
are typical characteristics of two-center recordifihe same  charge field during holographic recording. With a decrease
procedure is conducted for Fe:Mn:LN. A maximum diffrac- of the grating spacing, the diffusion field becomes more
tion efficiency of 25% is reached in this case, which is apimportant*’ The dynamics of the formation of the reflection
proximately 10 times as large as that obtained in Ce:Mn:LNgrating can be used for detection of diffusion-related proper-
ties.

In our experiment, two ordinarily polarized beams im-
pinge on the two oppositefaces of the Ce:LN crystal, with

C. Two-center recording

0.025+ E

Ce:MniLN an angle of incidence of about 5° in air. The length of the
two-center recordlng

sample along the axis is 7 mm. The diffraction efficiency

0.020+

g as a function of recording time is monitored. For the sake of
£ 00151 comparison with the performance of transmission gratings,
[ - . . .
5 we convert the efficiency into the modulation of refractive
g 00104 index by taking reflection into account using the following
5 relations*®
0.005 1
R _nz( WAnd) @
0.000 —_—t—— 7=RSl ,
0 100 200 300 400 500 600 700 800 A COs#;
time (min) for the transmission grating and
FIG. 4. Evolution of the diffraction efficiency during two-center holo- awAnd
graphic recording in Ce and Mn doubly doped LiNp@uring recording, n= Rtanit 3)
ultraviolet light illuminates the sample, while it is blocked during readout. A\ COS6;
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28] : ' ' ' ' ] obtained with light of 532 nm, we gebL=3x10 m for
CelLN . . .
g \ransmission the Fe-doped sample, whilePL is approximately 1
= reflection 1 X 10 'm for the Ce-doped sample.
é 2.0 - The amplitude of the steady-state space-charge Egld
2 6] ) in photorefractive materials is determined®by
£ 12] e ] e Ep+ED v -
£ os ] * |(1+Ep/Eg)?+(Ep/E(?|
2 oal | whereEp is the photovoltaic field which is proportional to
g the ionized trap densitygp is the diffusion field which de-
O o0 2000 9000 4000 oo oo 700 pends linearly on the amplitude of the grating vector, Bgd

time (s) andE’, are limiting space-charge fields determined by ef-

fective trap density and filled trap density, respectively. In
FIG. 5. Modulation of the refractive-index as a function of recording time

for reflection geometry(solid curve and transmission geometifgotted the case of _OXIdIZ€d Fe:LiNkS here the_denSIty of emptled
curve in Ce:LN. Wavelength and intensity of writing beam are 633 nm and € Centers IS mL_JCh Iar_ggr than that of flllgd centers, the S_atu'
26 mWi/cn?, respectively. In transmission geometry both beams impinge onrated refractive index is inversely proportional to the grating
the b face with an angle of 23°, while in reflection geometry both beamsspacing‘ This means that a reflection grating should have a
impinge on the two opposﬁef_aces with angle_5 in air. The grating vector smaller amplitude Compared to that of a transmission
of the interference pattern is in both cases aligned along the crystallographic """~ ,; . .
¢ axis. grating®" But the sample we used in the reflection geometry
is strongly reduced. If we suppose that no limitation of

space-charge fields is present, Eg). simplifies to

for the reflection grating. In the above equatioRsjs the Eq—=(E3+E3)Y2 (6)

factor caused by reflection losg, is the angle of incidence ) . .
4 ' g We know thatEp is the same in both transmission and re-

inside the crystald is the thickness along the grating vector, X . . .
Fctmn geometry. HoweveE is larger in reflection geom-

and the absorption is not considered due to the small value Q

red. As shown in Fig. 5, recording in the reflection geometryfftr};‘hTh'S 'f. due to the fa_crththﬂfD Is inversely prto;t)ortlct))?a_l
is faster than that in the transmission geometry. The corre) N€ grating spacing. therefore, we expect to obtain a

. L . . larger Eq.. The enhancement of performance for the Fe-
sponding sensitivity in the case of reflection geometris doged sSr:m le in the reflection eoFr)netr is not so large. This
=0.009 cm/J. The modulation of refractive index in the re-°°P P 9 Y ge.

flection geometry is twice as large as that in the transmissio?" (lj)e attr(;lbu'f[edftt(;la muclht h(;ghefrtp;]hotovgltam field, WTCh
grating for Ce:LN. In Fe:LN, however, the reflection grating IS Independent ot the ampiitude ot the grating wave vector.

is only 1.4 times stronger than the transmission grating. _ In ConC“_JS'Or_]' Ce is an active red-se_nsmve photoref_rac-
tive center in LiNbQ and can play an important role in

charge transport during holographic recording. However, the
IV. DISCUSSION photpvoltaic constant in Qe-doped crystals i_s smaller than
that in Fe-doped ones. This makes the recording in Ce-doped
The experimental results described above clearly showrystals not as sensitive as that in Fe-doped crystals. In re-
that Ce is a photorefractive dopand for LiNHQ\n increase  flection geometry, where diffusion field makes more contri-
of the Ce concentration leads to a substantial increase of theution, the photorefractive performance of Ce-doped
sensitivity in the red spectral region. It is very interesting thatsamples is enhanced.
the absorption change in Ce:Mn:LN with the aid of ultravio-
let illumination is larger than that in the Fe:Mn:LN. Because ACKNOWLEDGMENTS
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