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Spectroscopic properties of photorefractive BaTiQ double doped with cerium and rhodium
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We have grown and characterized crystals of Bgld@uble doped with Ce and Rh. This material has defect
charge states that can easily be manipulated by illumination with different wavelengths of light and may have
potential for nonvolatile holographic storage using a two-step, sensitized recording scheme. Electron paramag-
netic resonancéEPR), photo-EPR, optical absorption, and light-induced optical-absorption measurements
were used to identify the charge states, probe the electronic structure, and locate the ionization levels associ-
ated with the Ce and Rh centers relative to the band edges of the Ba®8D In addition, the effects of
illumination at various wavelengths on the defect states were used to develop a qualitative sensitization model.

I. INTRODUCTION must be very low, otherwise the grating storage time will be
limited by dark decay. The role of dopants or impurities in
The use of photorefractive crystals, including Bag;i0 controlling the dark conductivity has previously been
LiNbOs, and(Sr,BaNb,0g, for holographic data storage has demonstrated” _ _
been known for more than 30 yedrn this application, data Rare-earth elements have been considered the most likely
are stored in the form of refractive index gratings recordecf@ndidates for such two-step recording processes because

with laser beams capable of producing photoionization in théhey may display relatively long-lived excited states which

: : : e ‘makes it possible to photoionize the species by illumination
material. The transport, via drift and diffusion, and subses z " oo light beam. Wechslet al!! have described
quent trapping of photocarriers produces a charge densit]

distribution that mimics the intensity of the incident interfer- dn alternate route to nonvolatile storage using double-doped

. . . BaTiO;. The two dopants introduce defect levels in the band
ence pattern. The modulation of the internal electric space Os b

S . ) qap that allow gated photoionization of carriers from levels
charge field is subject to erasure both by dark conduction a”gensitive to near-IR light and storage of the gratings in a

by light-induced charge redistribution. The latter effect is|eye| that is insensitive to infrared radiation. At the same
particularly troublesome for data storage applications betime, the crystal also displays very long dark storage time.
cause the readout of stored data produces at least partial era-|n order to make these materials useful for practical ap-
sure. plication as storage media, further understanding of the ef-
A number of approaches have been studied to improve thfects of doping and processing upon the optical and electrical
storage properties of such materiéls particular, methods properties is needed. Specifically, the ability to control the
to make the photorefractive gratings nonvolatile, i.e., insengeneration and migration of charge both under illumination
sitive to erasure during readout and during storage in thand in the dark is required. In this paper we report on the
dark, have been developed. Among these techniques amptical, electronic, and photophysical properties of single
thermal fixing, electrical fixing, and two-photon or sensitizedcrystal BaTiQ:Ce,Rh; a ferroelectric oxide material that has
recording. Recently, both thermal fixing and electrical unique and favorable properties for holographic storage. We
fixing®’ have been demonstrated in nominally undopeddemonstrate the introduction of photochromic behavior in
BaTiO; crystals. The only report of sensitized recording in BaTiO; through double doping and show how this may be
BaTiO, was that by Buse, Holtmann, and Kzi® who dem- used to allow non\_/ol_atlle storage of refractive index gratings.
onstrated short-lived sensitization involving two defect spe-OUr results are similar to those recently reported by Buse
cies in a nominally undoped sample. However, the identitief.d'b" .and Psaltis? who exte'nded earlier WOJ&. on
of the centers involved were not known, and no attempt wa iNbO3:Fe,Mn and used essentially the same sensitized re-

- ; : ding method as we discuss here.
made to optimize the recording process through doping oforan g : ) .
post-growth annealing. This paper is organized as follows: In Sec. Il we describe

In sensitized recording,beams at two different wave- our experimental procedures. Thel electron paramagnetic
lengths are required to write a grating. The first beam is E{tﬁspnan(ie(EPlQ) and opt[[c%:-gb;orptlltl)ln Amgasufe[.“e”tsf and
gating (or sensitizing beam that raises carriers into an ex- elr analysis are presemned in Sec. 1il. A description of sen-

cited or metastable state and thus creates absorption atsgmed recording in BaTiglis presented in Sec. IV. In Sec. V

second wavelength. The write beams at the second wavdve discuss the implications of our results toward obtaining

length have sufficient photon energy to produce free carrier%.‘aterlal o_pt|r_n|_zed_ for th_e sensitized recording method of
Grating formation proceeds through the usual transpor olographic fixing in BaTiQ

mechanisms. Readout is performed at the write wavelength
and, with the sensitizing beam absent, the grating is stable
against erasure. It should be noted that in order to be useful BaTiO; single crystals were grown by the top-seeded so-
for long-term storage, the dark conductivity of such crystalsution growth method**°*Dopants were added to the melt in

Il. EXPERIMENTAL PROCEDURES
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the form of CeQ and RhQ. Although several crystals with

various dopant concentrations were grown, most measure
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Rh4+

T=10 K

v = 9.2504 GHz

ments reported here were obtained on samples of a crystal i
which the dopant concentrations were 15 ppm for Ce and
1600 ppm for RHexpressed as the atomic ratio of Ce/Ba andm
Rh/Ba in the melt Individual samples were cut and pol- B
ished, electrically poled, and then repolished to produce®e
samples for holographic and other studigsth the excep-
tion of samples studied by electron paramagnetic resonance
see below, which were not poled and were only polished on
one facg. Poling was carried out by raising the sample tem-
perature abovel. (132°Q and then cooling through the
phase transition with an electric field ef1 kV/cm applied
along one of the cubip001] directions.

Most measurements were carried out on “as-grown”  F|G. 1. EPR spectrum of as-grown BaTiGe,Rh withB[ 111]
samples, but in some cases small samples were subjecteddigection. Instrumental parameters are as follows: microwave
post-growth annealing treatments in reducing atmospherepower,~ 1 mW; modulation amplitude, 2 G.

For these experiments, the crystals were heated at 700 °C in
a horizontal tube furnace with a flowing atmosphere of CO
and CQ. The gas mixture was adjusted to provide controlled
oxygen partial pressures between approximately®18nd
102! bar at the annealing temperature. Following the an- In order to determine the charge states of the dopants EPR
nealing, the clamshell-type furnace was opened to providgneasurements were made on as-grown and reduced
relatively rapid cooling, while the gas mixture continued to BaTiO;:Ce,Rh crystals cut from the same boule. Figure 1
flow through the closed furnace tube. shows an EPR spectrum of an as-grown crystal recorded at

Secondary-ion mass spectrome(§iMS) analyses were 10 K with the external magnetic fieB parallel to the[111]
carried out on several samples in order to determine the contirection. Clearly displayed are two sets of spectral features;
centrations of Ce and Rh in the grown crystals. From theone assigned to Rh and the other to Cé&. For the present
SIMS data, we found the distribution coefficient for G&.,  we will only focus our attention on the €espectrum, since
concentration in the crystal/concentration in the in&dtbe  that assigned to RA has been previously reported in the
on the order of 0.05-0.1. In the case of Rh, the distributioriiterature!”*® whereas the EPR of €& in BaTiO; has not,
coefficient was found to be in the range of 0.0001-0.001. to our knowledge, been reported.

EPR spectra were recordedXband with a Varian E-109 Shown in Fig. 2 is the angular dependence of the
homodyne spectrometer equipped with a Hewlett-Packarthagnetic-field resonancéB.{ ¢); ¢ is the angle from the
5342A automatic microwave frequency counter and a protoh001] direction, solid circles assigned to CE (4f, 2F),
magnetic resonance gaussmeter for accurately measuring tgeound stateS=3) for variation of the applied magnetic
spectrometer frequency and magnetic field, respectively. Fdield B in the (110) plane. The observed pattern is consistent
variable temperature measurements between 4.2 K and roowith trigonal[111] symmetry, which is expected for BaTiO
temperature, an Oxford Instruments Limited ESR-9atlow temperatures, and is discussed in more detail below. It
continuous-flow helium cryostat system was used. Single
BaTiO;:Ce,Rh crystals with dimensions &3.5x5 mn? —
were directly illuminated in the microwave cavity by means T600F r_sak
of an optical fiber. The optical fiber was threaded through the v = 9.25009 GHz
sample holdef2-mm-i.d quartz tubeand positioned so that
the cleaved end of the fiber was located approximately 1-Z5
mm from the polished end-face of the crystal. The incident~
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IIl. RESULTS
A. EPR
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radiation was provided by either a Schwartz EIectro-Opticsmg so0or ]
Ti:sapphire laser or a Coherent Model 590 dye laser pumpec 5600 §
by a Coherent Innova 400 Asion laser operating at 488/515 5200 | .
nm (multiline mode. The BaTiQ:Ce,Rh crystals retained ssoo L ]

high optical quality and were intact and crack free even after PPYY S S S S TN T S
numerous cooling and warming cycles over the temperature 0 10 20 30 40 50 60 70 80 90
range~5 tO 300 K [001] (p (DEGREES) [1101
Optical transmission measurements were made at room
temperature on a Perkin-Elmer Lambda 9 spectrophotometer. FIG. 2. Angular variation of the EPR resonance transitions of
The absorption spectra were obtained from the transmissiooé+ in BaTiO;:Ce,Rh forB in the (T_’I_O) plane. The solid circles
data and corrected for the Fresnel losses using the index @épresent the experimental data; the solid lines are the theoretical
refraction data reported by Wemple, DiDomenico, andcurves computed using the measured principal valjgg
Camlibel® =0.8842 andg, | = 1.3604.
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should be pointed out that this angular variation is similar to+"" 0

that reported for N&' in this host!®

For C&" located at a site witkC3, symmetry, the ground
state °Fs, (J=2) splits into three Kramers'’s doublets. The
spin Hamiltonian in Cartesian form for a system with effec-
tive electron spirS= 3 is given by

H=p[9,SB,+9.(SBx+SBy)]. D

Here B is the Bohr magnetorg, andg, are the principal
elements of thg matrix, and theS’s andB;’s are the com-
ponents of the spin angular momentum oper&and the
applied magnetic fiel®, respectively, in the coordinate sys-
temi=x,y,z for which theg matrix is diagonaf® Diagonal-
ization of the above axial symmetric spin Hamiltonian yields
an expression for the resonance condition:

Bred @) =[hv/g(9)B], )

where

g(9)=[g?cog 9+ g? sir? 912 3)

Here ) is the angle between the applied magnetic figlaind
the trigonal axis, i.e., thEl11] direction.

There are fouf111] directions in the rhombohedral phase
of BaTiO; (psuedocubicy=89°51).2* However, when the

magnetic field is applied in the_a_'D) plane(or_any of the

equivalent plane$11@) two of the sites in the (10) plane
have axes that are at+54°44 and -—54°44
[ +cos Y(1/3)] with respect to thg001] direction. These
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FIG. 3. Optical-absorption spectra of three doped BaTi@ys-
tals recorded at room temperature. The light was polarized parallel
to thec axis. The double-doped sample was exposed to room lights
for an indeterminate time before the spectrum was taken.

electronic properties of BaTiORh have been discussed in
the recent literatur&?>?and here we will only summarize
the pertinent results.

Rhodium, a 41 transition metal, may exist in several
charge states @ ") and spin configurations in BaTiO
Since the 4 electrons are less tightly bound thad &lec-

two sites are magnetically inequivalent and give rise to twdrons, the strong-crystal fiell approximation is applicable

resonances. The remaining two not lying in tfﬁ@l plane
are equivalent for all orientations 8fin the (110) plane and

for interpreting the optical spectra of Rh ions. Rt4d®) is
the most stable charge state and hence, the most extensively

give rise to a single resonance. Thus a maximum of thre§tudied. Its ground §tatle in perfeg; Symmetry(neglecting
resonances is seen for arbitrary orientations of the magnet®Pin-orbit coupling is “A;4{(tog)"}, with singlet excited

field in the (110) plane. It should also be noted that wtzn
lies along th¢001] direction all sites are equivalent and only
a single resonance is observed.

The angles foB, when confined to the_(J]O) plane, rela-
tive to each of the fouf111] directions are

9= p+cos Y(1N3),

9,=p—cos Y(1V3), (4)

93=10,=cos (cose/V3),

where ¢ is the angle between the applied magnetic fild
and thg[001] direction. Using these expressions fiyrin Eq.

(2) and (3), one obtains from a fit to the experimental data
|g,|=0.8842 and|g, |=1.3604; the solid curves shown in
Fig. 2 represent the computed fit based on thgdactors.
The magnitudes of theggfactors relative to those reported
for Ce" in other hosts, as well as the site location in the
BaTiO; host, is discussed below in Sec. V.

B. Optical absorption

Optical-absorption spectra of as-grown Rh-doped, Ce
doped, and Ce, Rh-doped BaTi©rystals are compared in

states'T14{(t2g)%(eg)} and *Tog{(tag)%(eg)}.2>?° For these
states the spins are all paired; therefore, diamagnetic behav-
ior is expected. RH and RH' have been less extensively
studied. Both have paramagnetic ground states and both have
been observed by EPR spectroscép$® In the strong-
crystal-field approximatiott the ground state of RA(4d”)

is zEg{(tzg)G(e%)},”*29 and for RH*(4d%) the ground state

is 2T,g{(t2g)°}.%" Recently RA*(4d*) has been identified in
BaTiO;:Rh by Krose et al?22%In O, symmetry the ground
state, again in the strong-crystal-field approximation, is
3T14{(t2g)*. Even though the R# ion is anS=1 spin
system, it appears to be EPR-silent over the range of tem-
peratures investigatéd:? It is well known that for (4")

ions, the spin-orbit coupling(i"-S) is of the same order of
magnitude as the crystal-field splittif§This favors strong
coupling of the spin system to the lattice, and thus leads to
extremely short electron spin-lattice relaxation times, which
in turn, manifests in the broadening of the resonance signal
beyond direction.

Since internal transitions, i.ed.—d*, are in general weak
because they are Lapporte forbiddérthe strong optical-
absorption peaking at-1.9 eV in as-grown BaTi@Rh is
assigned as a charge-transfer transition. This absorption in-
volves the promotion of an electron from the oxygep 2

Fig. 3. In the case of the Rh-doped crystal a prominent aberbitals which make up the valence-band edge, to levels in

sorption occurs at-640 nm(~1.9 eV). The optical and/or

the band gap associated with the*Rlon. Alternatively, this
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transition may be viewed as the photoionization of holes to~—
the valence band according to the reaction

5IlIIIlllIIlIIIlllllllllllllll
R +Ahw—R +hg. (5)

It has also been established that the®RHhon in
BaTiO;:Rh has an optical-absorption band centered a5
nm (~1.6 e\).2223This absorption is likewise assigned as a
charge-transfer transition, which can be described by the
equation

After Illumination

Before
Ilumination

R +Aho— R +hyg. (6)

LIS LN LI LN LN LN

Ce’* (4f1) has a simple energy-level structure; it consists () TS NS P .
of only two multiplets, with ground-state assignméits, 400  s00 600 700 800 900 1000
and the excited statéF,,. Since the 4 electrons are highly WAVELENGTH (nm)
shielded by the outerand 5 shells of electrons, the op-
tically active 4f electrons are not strongly affected by neigh-
boring ligands. Thus in most hosts the separation betwe
these two multiplets is-2200 cm® (~0.27 eV} and there-
fore optical absorption occurs in the infrared 3Céas, how-
ever, a strong broad UV absorption peaking -a28 000
cm! (~35 e\). These transitions fall into two
categories®3! (i) 4f—5d transitions andii) charge trans-
fer, which involves the promotion of an electron from, for IV. SENSITIZED GRATING FORMATION
example in BaTi@ the oxygen P orbitals (valence-band A. lonization levels
edge to the partly filled 4 orbitals of the C&". As indi-
cated above these bands can be quite broad, especiallly if
orbitals are involved, since they are strongly coupled to th
ligand environment.

ABSORPTION COEFFICIENT (cm’
N

FIG. 4. Optical-absorption spectra recorded at room temperature
of BaTiO;:Ce,Rh before and after illumination with a microscope
€fluminator. The light was polarized parallel to tleeaxis.-

absorption change induced by the blue-green illumination
has a lifetime of more than 10 h.

Optical and EPR spectroscopic data provide detailed in-
ormation concerning the location of the ionization levels of
deep impurities relative to the band edges of the host. Recent
work by Wechsleret al’® and Krse et al???% locate the
ionization levels associated with the various"Rhcharge
states as illustrated in Fig. 6. In the case of Gethe dark-

The optical-absorption spectra of several BafiiCe,Rh  decay measurements of Bachetral'? locate a Ce-related
crystals were measured after dark relaxation and during dpnization level nearly midgap in BaTisee Fig. 6.
following illumination with an optical source external to the
optical spectrophotometer. Since these samples were highly B. Sensitization model
light sensitive, both in intensity and wavelength, the illumi-
nating radiation is referred to below as thensitizing radia- ;
tion and the modified optical absorption of the sample fol-d€scribed by Wechslet a
lowing or during illumination as thesensitized stateln
addition, photo-EPR measurements were made on selecte
samples.

The optical-absorption spectrum of a sample before and
after exposure to white light from a microscope illuminator
is shown in Fig. 4. Prior to illumination, the absorption spec-
trum is similar to that of BaTi@Ce (see Fig. 3. In the
sensitized state the crystal shows the absorption feature ne¢
640 nm that is characteristic of Rh Note the extended
absorption in the infrared. Above900 nm the absorption is
almost exclusively due to the sensitization of the crystal. We
have found that sensitizing of the crystal with laser light or
focused light is not necessary; ordinary room lighting sensi-
tizes the crystal, though more slowly. A heat lamp is effec-
tive in quickly returning the crystal to its desensitizlhrk)
state. Light-induced a_bsorption phanges are illustrated in Fig. g 5. Light-induced changes in optical absorption at 161
5- where the ?hange In abs_orptlon at 14t is shown dur- i, BaTiO;:Ce,Rh. Att=0s an Af-ion laser operating at 488/515
ing and after illumination with a 488/515 nm Adion laser.  nm was turned on. The absorption rise (rise 233 s) is due to
Exposure to blue-green light produces a strong increase ifhe generation of new Rh centers. When the Arion laser beam
the absorption of the 1.0&m probe beam; this absorption is is turned off at t=16.25s, the absorption rapidly drops

quickly “bleached” when the blue-green beam is turned off. (decay time=1.26s) due to photoionization of Rh by the
Note that in the absence of the 1.0 probe beam, the 1.01um probe.

C. Light-modified optical absorption

The main features of this energy level scheme have been
|1 and are mentioned here to aid

10—
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Dark state green illumination induces the presence of*Rftenters
which are then available to be photoionized by red or near-

T Conduction Band infrared light. The additional absorption from ®hcenters
1.55 eV Ced+/Cel+ results in a very noticeable change in the color of the crystal.
My T T OO R‘;3+/R—h4+ In our double-doped crystals, we have observed that effec-
l tq eV = tive sensitization can be produced by laser light at 488/515
Valence Band nm or by ordinary room lighting and that the sensitized state

persists for 1-2 days in the dark. We have also observed that
illumination of a sensitized crystal in the red or infrared con-

Sensitized state verts the crystal back to its dark state, which is insensitive in

Conduction Band the IR.
T I 1.55 eV In order for the grating written at a wavelength in the
31y | — O O —o0O0—o0—-o _%3"/0‘9‘:* near-IR to be stable against erasure during readout, the
l t'ﬁe\, — — — ©  RhmRM charge distribution generated by the writing beams must re-
Valence Band side in the midgafiCe) level, which is nearly insensitive to

infrared radiation. Thus, the grating created via photoioniza-
FIG. 6. Schematic band diagram showing the charges duringion of an initially homogeneous distribution of charges on

sensitization in BaTi@:Ce,Rh. Not shown is the RWVRI°* ion-  the Rh centefin the sensitized statenust be transferred to
ization level located at-0.7 eV above the valence-band edge; seethe Ce centers.
text for discussion. In thelark statethe crystal is orange (C#&), In analogous fashion to the mechanism described by
has a long dark conductivity, and has no sensitivity in the IR. In theBuse, Adibi, and Psaltté for Fe and Mn in LiNbQ charges
sensitized statawhich persists for many hours, the crystal is blue gy siteq from the Rh centers may recombine with Ce centers.
(RH*) gnd sensitive in the IR. The underlined species identify the-l-he efficient transfer of charge may be enhanced by simul-
predominant valence states. taneous illumination with the sensitizing and writing beams.

After the sensitizing beam is turned off, however, the write
in the interpretation of the spectroscopic datee Fig. . In beams continue to deplete the Rh centers of holes until this
a double-doped crystal that has been kept in the dark and ilevel is completely emptyof holeg. After this, the charge
which the Fermi level is located near midgap, Rh is expectedtored in the Ce centers will be extremely insensitive to era-
to be predominantly in the-8 valence state, and Ce is likely sure by readout light. Alternatively, any remaining charges
be present in a mixed-8/4+ valence state(Note that the in the Rh centers will be depleted by thermal ionization, a
Fermi level can be modified by altering the Ce/Rh ratioprocess which has a decay time of around 10 h in
and/or by annealing the crystal in an atmosphere with reBaTiO;:Rh. We also note that the grating stored in Ce cen-
duced oxygen partial pressureThis is because the ters is extremely insensitive to dark erasure, with a decay
RE3*/RH** ionization level lies close to 1 eV above the time of ~2000 years demonstrated in BaTiGe X
valence-band edge and the 3CkCe ionization level lies A similar sensitizing effect was previously described for a
close to midgap, at about 1.5 eV. As long as the Fermi levehominally undoped BaTiQcrystal by Buse, Holtmann, and
is pinned to the CE/Ce** ionization level, the crystal has Kratzig.® They found that illumination of BaTiQwith green
an orange color typical of pure Ce-doped crysfafS In  light produces new centers sensitive to photoionization by
addition, the Rh centers are filled with electrons, i.e., in thanfrared light. In their experiments, however, the identity of
Rh*" state(in the dark. Thus, the Rh centers have no sen-the centers involved was not known, and the effect was very
sitivity in the IR (which only results from charge-transfer short lived.
transitions of RA™ and RR™), but will absorb in the blue

(around 450 nmdue to ionization of RA". Note that since V. DISCUSSION
the Fermi level is pinned near midgap, the*RIRI** ion- "
ization level located at-0.7 eV above the valence-band A. Ce™ EPR

edge is fU”y populated. This means that there is a falrly low Theoretical values for thg factorng and g, of the Spin

concentration of Rh present in our as-grown Ce,Rh-doped Hamiltonian given in Eq(1) can in principle be calculated
crystals. In order to keep the band-energy diagram depictegsing the expressioffs

in Fig. 6 simple, we have chosen not to show thé RRI°*

ionization level. However, under nonequilibrium conditions 9,=20J|AI|IN | I ), (7)
as occurs under illumination, Rh and other unidentified

species may contribute as sources of carriers and traps. We g, = (AN ]3] w), (8)
include them, where appropriate, in the discussion that fol-

lows. where(J|A||J) is the Landefactor reduced matrix element

When the crystal is illuminated with radiation in the blue- and ¢, and_ are the two components, for example, of the
green spectral region, two types of transitions can result irKramers’s doublet of an ion with an odd number of electrons
the conversion of RH to RH". First, Cé" can be ionized, such as C¥.
with the resulting hole recombining with a Rhion. Second, In C3, symmetry, the ground levd¥s, (J=3) of Ce*
Rh** can be ionized, with the resulting electron recombiningsplits into three Kramers's doublets. Two of the doublets
with Cé*". RH*" absorbs over a broad band centered atransform as’l’, and the other asI's®'I's. The ground
around 640 nm and extending beyond 900 nm. Thus, bluestate has’I', symmetry and in first order, the keftg. ) are
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Iinear combinations of thél,J,) basis functiong3,+3) and L
3,—3). The first-order kets lead to expressionsdpandg,
that are simple functions of the admixture coefficients os M
and sind. We found, however, that there was no single value (b)
of ¥ that givesg, andg, in exact agreement with experi-
ment. It should be pointed out that recent EPR data fof Ce
in strontium barium niobate @a; _,Nb,Oz (SBN), a host
that may be considered similar to BaEiQvas reported by
Giles et al** These workers observed a single broad reso-
nance agg=0.90. /
The discrepancy between the calculated and experimente - -
g factors for C&" in various hosts has been considered by Rh Ce
Reynoldset al®® These authors suggest that in order to im- L S S S S
prove the agreement it is necessary to include admixtures o 4000 4500 5000 5500 6000 6500
the excited levePF-, in the ground levePF, (recall that MAGNETIC FIELD (G)
the 2F,, level lies within ~2200 cm* of the ground state
A mechanism is provided by the static crystal-field potential FIG- 7. EPR spectra of a BaTi@e,Rh crystala) before illu-

which, since it contains terms mg (crystal-field parametgr mination with 754-nm light:(b) under 754-nm illuminationc)
leads to mixing of levels differing i, by =6. Thus, for after 754-nm light is turned off(d) subsequent illumination with
z — )

example, admixture fronh) = %'Jz: + %> may be realized. 488/515-nm light; ande) after 488/515-nm light is turned off. All

L : . . spectra were recorded @t- 15 K and withBII[001] direction. The
This is in line with what was reported for R in BaTiOs,*°
where it was found that Calcula?ion of tydactors reqL??es a sample was held at15 K throughout the course of these measure-

) . ) ments.

ground-level wave function that included an admixture of the

o 2 . L
excited “F; level. - _ centers were also observed as a result of illumination and

A feature of the work of Reynoldst al.™ that is also  complicate the interpretation of the results, but are not be-
relevant here is that they reported the EPR of'Gecated at  jieved to alter the essential features discussed below.
sites of cubic symmetry. The observgdactors were in the We suggest that the following set of photoionization, re-

range of 0.79 to 0.93, depending on the host. This suggestgmpination, and trapping processes are operative during il-
that Cé" in BaTiO; is also located at a site with cubic or |,mination:

nearly cubic symmetry. Based on ionic size considerations
we suggest that Cé is located on the Bd sublattice with a R+ w—RM +hyg, 9)
full complement of coordinated oxygen ions.

dy"/dB

R +#hw—RH +hig, (10
B. Photo-EPR Ce +hw—Ce +eg, (1D
Photo-EPR spectra provide insight into the charge trans-
port processes taking place during illumination. Here we de- Ce"+hjz—Ce', (12
scribe our observations and then interpret the results in terms
of the various reactions that may be involved. Our intent is to R +ecg— RIT, (13
attach a chemical label to the species involved in charge
generation and/or trapping. RH*" +hjz—RH", (14)
The results shown in cunaof Fig. 7 were obtained with
the crystal held in the dark for a few hours, after it had RIP* +ecg— R, (15)
previously been exposed to room lights. The EPR spectrum
te_lken along_ thg001] direction of the sample in this state D*+egg—D, (16)
displayed signals from Rh (~4600 G and Cé" (~5400
G). During illumination with 754-nm light(curve b), both A +hig—A. (17)

signals essentially disappeared. When the light was turned

off (curvec), the Cé" signal returned to approximately its In these equationdw is the photon energyecg and hyg
original amplitude, whereas the Rhsignal was virtually represent an electron in the conduction band and a hole in the
absent. This indicates that illumination with 754-nm light valence band, respectively, afB,D*} and{A,A"} corre-
effectively resulted in a transfer of charge such thaf'Rh spond to the two states of unidentified shallow doBr
was depleted, presumably via conversion to thé'Rha-  centej and shallow acceptdA centey defects, respectively.
lence state. Subsequentlyig. 7, curved), the same sample The holes and electrons released under illumination at 754
was illuminated by 488/515-nm light from an Aion laser. nm can be trapped at shallow centéfsand D center$ as
During illumination, the C&" signal was absent and a mod- well as at the deep cente(®h and Ce centeysWhen the
erate RA™ signal was observed. When the light was turned754-nm light is turned off, the Gé EPR spectrum returns to
off (curvee), the C&" signal returned to its original ampli- its original intensity, whereas the Rhspectrum is not ob-
tude and the RH signal was significantly stronger than be- served(see Fig. 7, curve). This suggests that charge carri-
fore. Thus charge was transferred in such a way as to crea&s ey are thermally released and subsequently trapped at
additional RH* centers. We note that additional unidentified Ce** centers according to the reverse of the reactions given
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in Egs.(11) and(16). During subsequent illumination at low B T T T T T T T
temperatures with 488/515-nm light, a strong*REPR sig- Before Illumination

nal is observedsee Fig. 7, curvel); however, the C¥ is ¢ -
not detected. A set of reactions consistent with this observa:

tion includes Eqgs(10), (11), (16), and (17) given above @
along with 2 i
=R
T =
RR** +fo—RH +egg, (18 p 4
Under [llumination
Cé'+hw—Ce +hlg, (19 1 1 1 1 ] ] ]
4000 4500 5000 5500 6000 6500 7000 7500 8000
MAGNETIC FIELD (G)
R +Ahw—RP +ecg, (20)
FIG. 8. EPR spectra recordedTat 10 K of BaTiO;:Ce,Rh with
Bl[111] direction. The crystal was annealed in a reducing atmo-
RH3* + h\J;B—>Rh4+. (21) sphere and was only briefly exposed to ambient light prior to the

measurements.

When the 488/515-nm light is turned off, the’CeEEPR sig- BaTiO;:Ce,Rh in a reducing atmosphere. A sample was
nal returns to roughly its original intensity, while the Rh  heated at 700°C for 20 h in an atmosphere of 50% CO
grows to a larger intensity than when under illuminatisae ~ +50% CQ, corresponding to an oxygen partial pressure of
Fig. 7, curvee). This suggests that carriers are thermally~ 10" ?*bar (the total pressure was1 bap. Following this

released from the shallow levels and subsequently trapped heat treatment, the sample had the characteristic color of

the deep levels. This is described by the reaction BaTiO,:Ce,** and we did not observe any color change as a
result of exposure to room light. This result demonstrates
Ce'" +egg—Ce, (22)  that the reduction treatment effectively filled the traps in-

. , volved in charge-transfer processes responsible for the sen-
and those given in Eq$15) and(21) and the reverse of the (i, ation process in the as-grown crystal. This result sug-

reactions shown in Eq$16) and (17). gests that CE centers are in fact involved in the

Although the present observations are insufficient to de'sensitization process and that the>Q€e" ratio can be

termine quantitatively the relative importance of the various,qgified by reduction
processes described above, the overall set of equations pre- We also used EPR methods to study several samples that

sented here should provide a framework for understanding,ere annealed at 700 °C in CO-G@tmospheres. The oxy-
the mechanism of charge redistribution resulting from bot en partial pressure of these experiments ranged from ap-

thermal and optical excitations. A complete understanding 0 roximately 10°° bar to 10 2Lbar at the annealing tempera-

':]helse pr(;]c_esses r']s key tl(') optimizing the material for use iy, re ‘shown in Fig. 8 are superimposed EPR spectra obtained
olographic or other applications. on a sample treated &g, =10"*"bar before any illumina-

tion and then again during illumination with blue-green light
from an Ar"-ion laser. Prior to illumination, the only fea-
These results suggest that BaFiOe,Rh might be used to tures apparent are those centered~&000 and~7500 G.
record gratings that are relatively insensitive to erasure at th€hese features are both due ta*€eDuring illumination the
recording wavelength, a possibility supported by grating eraintensity of these features decreases substantially and new
sure measurements carried out on a BaT@®@,Rh crystat!  spectral linegdoublet$ appear centered near 4550 and 4770
As was also pointed out by these authors, the performance @. These features are both due to*Rhwhen the illumina-
the material can potentially be improved by optimizing thetion is turned off the C& features return to approximately
amplitude of the grating stored in the midgap level. Thethe same magnitude as before illumination, while thé'Rh
space-charge field associated with gratings recorded in thfeatures grow slightly stronger than they appear during illu-
Ce centers depends upon the ratio of filled and empty Cenination. On the other hand, a sample annealed af bar
traps, i.e., the C8/Cé&*" ratio. Changing the Cé/C&** ra-  showed strong Ri and Cé&" features prior to illumination.
tio corresponds to adjusting the Fermi level in the crystal, aThese results are consistent with a shift of the Fermi level to
long as the Fermi level lies close to the*CACe! ionization  a higher position upon reduction, as was also indicated by
level near midgap. This ratio can be modified via post-the change in visible light sensitivity noted above. Interest-
growth processing, by heating the crystal in an atmospherigly, illumination with an A -ion beam is still able to in-
with a controlled oxygen partial pressufeReducing the duce significant charge transfer even in the highly reduced
oxygen partial pressure results in a higher Fermi level, corerystal.
responding to an increase in the number of traps filled with These experiments demonstrate that the Fermi level can in
electrons. fact be adjusted by appropriate annealing treatments, and
We have carried out preliminary experiments that demontherefore we believe that optimization of the space-charge
strate that the Fermi level can in fact be raised by annealinfield in the deep level, as discussed above, is possible. Fur-

C. Modification of the Fermi level in BaTiO3:Ce,Rh
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ther experiments are required to find the optimum conditiongions using a two-step recording technique. In this technique,
for the reduction process. In addition, adjustment of the abtwo photons of different wavelengths are used for writing;
solute and relative concentrations of the dopants, Ce and Rihereas nondestructive readout of the stored information is
could improve the efficiency of the recording process. accomplished using only one of these wavelengths. Optical
Finally, some comments concerning the shalbwand and EPR measurements have provided information concern-
A-centers are in order. In a recent paper Scharfschwerdfd the charge states, electronic structure, and location of the
et al®” describe the Fermi-level engineering of BaiRh  ionization levels associated with the Ce and Rh centers rela-
by codoping with sodium. Incorporation of sodium leads totiVe 0 the band edges of the Baj@ost. A detailed analy-
an acceptor level (Ng)’ that is located-50 meV above the 'S Of the EPR spectra of €ein BaTiO, has been carried
valence-band edgéiere we use the Kiger-Vink notation to out. Modification of the charge states of the dopant ions as a
indicate the defect charge state relative to the perfect Iaatticerieil:_lﬁncgd':][?emd'n:t't?cr;r_] :;Sté?etri]osntug gﬁnlijsl'ﬂa% pgoml;i::i)tztiigd
This acceptor level, which is negatively charged with respec{g P b ques. A 9

to the lattice, is compensated by the positively charged OXy[nodel of the sensitization process has also been presented,

v . . along with a discussion of possible approaches for optimiz-
gen vacancy centev located just below the conduction- g b bp P

band edge. By processing this codoped crystal in a stronglggd?nagT;%’éﬁféﬁ gln;rystals for nonvolatile holographic re-

oxidizing atmosphere, these autrft;rsfport that the F_erml Note added in proofA recent report by Adibi, Buse, and
Ieve(lj can bed IoLvereg tg the_ ﬁHRPj . level. Two p_omdts_ Psaltis[Appl. Phys. Lett.74, 3767(1999] discussed the ef-
nede to mﬁ. e herel) raf)tllc con |t|ons_ argﬁregu:jrez N fects of oxidation-reduction processing on the storage prop-
order to achieve a reasonable concentration of Rand(2) erties of double-doped LiNb{and presented results consis-

unintentional |mpur|t!es such as alkali-metal ions, as well 83ant with the ideas suggested here for optimizing BaTiO
other metal contaminants, which lead to shallow acceptor

levels, are reasonable candidates forAheenters alluded to ACKNOWLEDGMENTS
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