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Pb, _,BaNb,Og is a material under consideration for electro-optic and photorefractive applications. Single
crystals of Ph_,BaNb,Og have been grown using the vertical Bridgman method in the composition range
0.5<1—-x<0.6. The formation and thermal fixing of holographic gratings in these crystals were recently
demonstrated. In this study the OHabsorption spectra were measured by fourier-transform infrared spec-
trometry. As-grown crystals showed a strong Olbsorption near= 3485 cm'%, revealing the existence of
protons (H') which are essential for the thermal fixing of holograms. The dependence of the integrated OH
optical-absorption intensity on polarization showed that all of the O-H bonds were polarized either perpen-
dicular or parallel to the axis, with a greater proportion perpendicular. The proton concentration could be
increased by heat treatment in a humid atmosphere and decreased in an ambient or oxygen atmosphere. The
diffusivity of protons perpendicular to the axis was measured in PE¥Ba; sNb,Og by proton in-diffusion
experiments and was found to i&,~0.219x 10 ® cm?/s at 750 °C, which is comparable to the proton
diffusivity in TiO, (D~0.190x 10" ® cnm?/s) and LiNbQ (D=0.193~2.507x 10" ® cn¥/s) at the same tem-
perature. Measurements of the thermal decay of holograms showed that the proton activationdaegy,

Phy sBay sNb,Og was 0.95-0.05 eV, which is close to the proton activation energies reported for LiNin@
KNbO;, 1.10-1.40 eV and 0.81-1.04 eV, respectivg§0163-18207)02437-5

[. INTRODUCTION has recently emerged as a very promising material for
electro-optic and photorefractive applications because of its
For certain electro-optic and photorefractive applicationsyery high electro-optic coefficients, particularly near the
such as holographic data storage, the concentration and acfitorphotropic phase bourl15dary £X=~0.63) * PBN was
vation of protons (H) can be very important. Amodei and discovered around 1960:!° but since then not much work

co-workers:? demonstrated in 1971 that they could ther- hﬁstbee;n d?ne on tl_hist.material,.ir; pt;articular, v;nttrf: r(e;_sf?ec;ctto
mally fix holograms in LiINbQ. They found that at elevated |Fr)1 0 gegﬁg 'V?afpg |((:)a ;ic():r;?_, T:lli? ysiﬁc?eusg Ostals(,a olf 'ggn}'
temperatures of around 150 °C, mobile ions compensated tI”{ préparng 1arge, -op q y sing y

lectroni h fields built up during th ii Folled compositions. Although single crystals a few millime-
electronic space charge Tields bullt up during the wilting prose ¢ i size have been grown by the Czochralski method, the

. oo i A " (Fﬁpid loss of PbO from the melt has led to poor control over
charge fields with intense illumination, the remaining PUrestoichiometry and compositional homogenéfty’ Our ap-

ionic space charge fields remained stable against erasure dyroach utilizes the vertical Bridgman method with a sealed
ing readout at room temperature. These ions were known pt crycible containing the charge material. Unidirectional so-
be positively charged and were later identified as protonggification under a strong axial temperature gradient pro-
(H") by spatially resolved IR absorption measureménts.duced transparent single crystals without the loss of PbO.
Protons are often present in as-grown oxide crystals in th€rystal dimensions were limited, however, due to the fact
form of hydroxyl ions (OH'). The existence of protons can that PBN crystals do not appear to grow readily in the radial
easily be revealed by infrared absorption spectroscopy frordirection. “Bootstrapping” to full-diameter seeds of centi-
which protons can be characterized via the stretching modmeter dimensions is therefore difficult. Large PBN single
of the O-H dipole whose vibrational frequency is aroundcrystals (2 cmx1cmx1lcm) have been successfully
3500 cnit. Such IR absorption studies have been reportegrown using Sy B3, 3g\Nb,0g (SBN6Y) single-crystal seeds.
for SITiO;*® BaTiOy%' TiO,® LiNbO3* ™ and  Sr_,BaNb,Ogz (SBN) has the same tungsten bronze struc-
S 61B30.3\Nb,0g. 1 ture and is commercially available. Crystal growth issues
Pb, _,Ba,Nb,Og (PBN), a tungsten bronze ferroelectric, will be reported separately.
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FIG. 1. The OH absorption spectra obtained with unpolarized
light (a) propagating along the axis and(b) propagating in thea-b
plane.

FIG. 2. Absorption spectrum versus polarization argjlé was
defined as the angle between the electric field vector of linearly
polarized light and the-b plane.

Another encouraging feature of PBN is that unlike SBN,
as-grown crystals contained a high concentration o
protons!® In addition, the concentration of protons can be
increased or decreased by appropriate heat treatment. We
have recently demonstrated the formation and thermal fixing

of holographic gratings in this materfalIt was also found First, the absorption spectrum was measured with a small
that the fixing efficiency, defined as the ratio of the diffrac-pp, Bg Nb,O; crystal (1.9 mnx2.5 mmx2.3mm) at
tion efficiency of a fixed grating to that of an unfixed grating, room temperature. Unpolarized light propagating alongcthe
increased with increasing proton _concentraﬁ%rAn_ effi-  axis with the electric fields in tha-b plane was utilized. As
ciency of about 80% could be achieved under optimum fix-pown in Fig. 1), the spectrum obtained showed a maxi-
ing conditions. The activation and diffusion of protons are,um absorption near= 3485 cm * with a broadband shoul-
therefore crucial for the thermal fixing of holograms. ger on the low-energy side. A single Lorentzian or Gaussian
Through the use of the OHabsorption measurements, the ¢\rve could not be fitted to this spectrum, indicating the ex-
polarization and concentration of the O-H bonds in PBNjstence of at least two different energy states for the O-H
crystals have been determined, along with the proton)(H pong in thea-b plane. The best fit was achieved with four or
diffusion behavior. A study of proton (H activation is also  fiye individual bands including a very strong band centered
presented together with the thermal decay of holograms. gt ,,— 3485 cni! and several weak ones located in the low-
energy shoulder region. The occurrence of multiple absorp-
Il. SAMPLE PREPARATION AND ABSORPTION tion bands is possible since there are several different hydro-
MEASUREMENTS gen environments in tha-b plane of an unfilled tungsten

) bronze structure. The existence of one strong band indicates
Single crystals of Ph.,BaNb,Og were grown by the Ver- yha; protons prefer one specific site in theb plane. When

tical Bridgman method with compositions ranging from 1 yne nojarization of the incident light was rotated in e
—x=0.50 t0 0.60. As-grown crystals containing the tetragop|ane, the intensity and shape of the absorption spectrum
nal phase showed a strong Oabsorption, regardless of ghoyed Jittle change. If H occupies a specific site in the
composition, although the absorption intensity varied from,_p, plane, four O-H bonds of the same kind will appear in
boule to boule. Selected RiBa; Nb,Og (PBNSQ crystals  he a.1 plane within the unit cell, rotated by 90° with respect
chosen for detailed OHabsorption measurements were fab-iy a5ch other because of the fourfold symmetty mm)
ricated in rectangular bars with faces perpendicular and paty.o,,nd thec axis. This will make the absorption intensity

allel to thec axis, . , , . independent of the polarization direction in theb plane.
The OH' absorption spectra were obtained using fourier-Fyom the IR absorption measurements alone, however, one
transform infrared spectrometry in the wave numiey  cannot determine the absolute positions of the protons.

range from 3800 to 3200 cm with a spectral resolution of According to the work by Johnson, De Ford, and Sh&ner
2—4 cm. The baseline of the absorption spectrum was eSghe OH- ion concentratiore is given by

timated by extrapolating the straight line segments to the left
and right of the absorption band. The baseline was then sub- fady
tracted from the spectrum to determine the absorption due to Con
the OH stretching vibrations. A commercial four-plate

ZnSe Brewster polarizer was used for the polarization meawheref «a dv is the integrated absorption intensity amgl, is
surements(This polarizer was designed for peak perfor-the absorption strength per ion. In order to determine the
mance at 8—1Qum, but it works reasonably well over the OH™ concentration, the value @iy, must be known. Using
range of 1-10um). For the high-temperature absorption the apy value for LINDO; (ag~9.125<10 8 cm) derived

Pweasurements, a miniature oven was installed in the sample
chamber of the spectrometer.

lll. OH ~ ABSORPTION SPECTRA IN Pb,Bag sNb,Og

)

:aOHInlo’
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by Klauer, Wdnlecke, and Kapphaft, the concentration of 80
OH™ ions polarized in thea-b plane in this particular s
PhygBaysNb,Os  crystal was estimated to be < 70
~4x10% em™S, s
When unpolarized light was propagated in i plane, 2 60
i.e., the electric fields had components both indhb plane %
and along the axis, a new absorption band occurred with a € 50
peak absorption at the higher wave number of 3530%ras 3
illustrated in Fig. 1b). It is believed that this is due to the & “°
O-H bonds vibrating along the axis. In order to verify that b
the O-H bonds have polarizations both perpendicular to and £ 30
along thec axis, the variation in absorption spectrum with o o
incident light polarization was studied. Linearly polarized 20100 50 0 .50 -100

light was propagated along theaxis in thea-b plane and Polarization angie, 8 (deg)

the polarization vector was inclined at an anglavith re-

spect to thea-b plane. Figure 2 shows the absorption spectra FIG. 3. Integrated absorption intensity as a function of polariza-
for several polarization angles For §=0°, the absorption tion angled.

spectrum contained a fine structure with a peak absorptio(rgOrres onding decrease in maximum intensity as the tem-
near 3485 cm!, as shown in Fig. @). It should be noted P 9 y

here that the integrated absorption intensity was reduced iRerature increased. The absorption spectrum became broader

X . and more symmetric with increasing temperature. All of
comparison to the case shown in Figa)lbecause the effec- ; . )
. - . these observations indicate that protons, which prefer a spe-
tive number of O-H bonds contributing to the absorption was ific si d . .
decreased. (The O-H bonds polarized along theaxis did cific site at room temperature, tend to occupy an increasing

L S ) number of different sites as the temperature increases.

not contribute to the absorption in this caseWhen 6 was
increased, the electric field developed a component in the
direction of thec axis and a new absorption band appeared
with a peak absorption at 3530 ch As # was increased
further, the absorption at 3530 crhincreased and the OH
absorption band originally found in thee b plane decreased.
This indicates that the absorption band at 3530 tis due
to O-H bonds directed along the axis. Figure 2d) shows
the absorption spectrum along tleeaxis (#=90°). This

IV. HEAT TREATMENT AND PROTON DIFFUSION

The proton concentration could be changed by a high-
temperature heat treatment, regardless of crystal composi-
tion. It increased with heat treatment in a humid atmosphere
created by flowing water vapor into the hot furnace and de-
creased with heat treatment in an ambient or oxygen atmo-

band could not be fitted with a single Lorentzian or Gaussial %h,ﬁ;%' VI\:I:?hu[ﬁeSUS:O;\Iljrs:ctj tITehtOHrl:())sc;rpggs, mgfsgrﬁi:?ar
peak either. That is, there apparently also exists more thatn P ght propagating perp

. . 0 the c axis, greatly increased after heat treatment in the
one energy state for the_O H bon_d directed alongatiaaxis. humid atmosphere. It shows that the concentrations of O-H
If all of the O-H bonds lie either in tha-b plane or along

the ¢ axis, the integrated absorption intensity: [ a dv, at bonds both perpendicular to and along thexis increased

. . . by almost the same proportion. The proton concentration
the polarization angle can be given by the following ex- ; b ) ;
; . o 2 reached saturation after a specific heat-treatment time, which
pression because the integrated absorption intensity is proy . .
. . depended on the sample dimension and the heat-treatment
portional to the number of absorbers: : o
temperature. In an attempt to determine the proton diffusiv-
ity, a larger rectangular sample of dimensions
3.6 mmx3.1 mnmx5.8 mm was isothermally heat treated at

750 °C in a humid atmosphere for a certain titnand then

1(6)=1(0°)cog 6+ 1(90°)sir?e, 2)

wherel (0°) andl(90°) are the integrated absorption inten-
sities atd=0° and#=90°, respectively. In Fig. 3, the mea-
sured integrated absorption intensity is plotted as a function
of the polarization anglé. The good agreement between the
measured integrated intensity and the one expected from Eq
(2) confirms that all of the O-H bonds exist either in td
plane or along the axis, with more O-H bonds polarized
perpendicular to than along the axis, assuming that the
absorption strengthgy is independent of the polarization of
the O-H bond.

Figure 4 shows the absorption spectrum from the O-H
bonds polarized in tha-b plane as a function of tempera-
ture, in which unpolarized light was propagated alongahe
axis. As already observed in Fig(al, the spectrum obtained
at room temperature shows a peak absorption near 0
=3485 cm L. This strong absorption at=3485cm* be-
gan to decrease with increasing temperature. The position ot
the peak absorption moved toward lower energies with a FIG. 4. OH absorption spectrum as a function of temperature.
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FIG. 5. Effect of the heat treatment on the Otabsorption
strength. mass transport and can be easily solved by the separation of
variables. The solution to E@3) is given by
the position-dependent absorptions were measured at room

temperature with a narrow slit scanned along ghaxis, as 64(C,—Cy)

shown in Fig. 6. This process, i.e., heat treatment at 750 °C C(X.y,z)=Cs= —— 35—

and absorption measurement at room temperature, was re-

peated in order to obtain the proton concentration profile as a *xZ 1

function of heat-treatment time. In the absorption measure- XE 2 E (21+1)(2m+1)(2n+1)
ments, the crystal was put as close to the slit as possible in 1=0m=0n=0

order to reduce the effects of diffraction. The integrated ab- (2m+ 1) X (2m+1)my
sorption intensity from the illuminated slalshaded in Fig. X cos ’a cos b

6) will be proportional to the average proton concentration of

the shaded slab according to E@). The concentrations of (2n+1)7z

protons (H) whose O-H bonds are in the-b plane were XCOS—— —— e “mn!, (6)
calculated from the measured integrated absorption intensi-

ties using theagy value for LiINbG;. Figure 7 represents the where

average proton concentration of the slalfx,t), as a func-

tion of slab positionx for different heat treatment timets w2 [Dg(21+1)?> Dg(2m+1)2 Dg(2n+1)?
which shows a typical diffusion profile. The diffusion of pro-  ®1.mn=7" a2 + b2 + o2 .

tons in this case can be expressed by the following three-
dimensional diffusion equation with the reference point attpe average proton concentrati@?(,x,t), of the shaded slab

the center of the crystal: is

dC(X,Y,z,t) 39°C 3’C §°C [ fb pxrdne

Y D — — —__ — CJ el lapCxy,z,t)dx dy dz

at Do P0Gz Doz 3 Cxt)=——— d2b2c
Wher(_aDo_is_ the diffusivity a_long the_a_(_)r b axis_ _and_De is 10248(C.— Cy)
the diffusivity along thec axis. The initial condition is =Cgs— B —
a
C(Xiylzlo):COl (4) ®© ®© *© 1
X
where C, is the initial concentration. Boundary conditions Z’o mZ‘o nZO (21+1)%(2m+1)%(2n+1)?
can be chosen as follows because of the large amount of
water vapor flowing through the furnace: X sin (2l* 1)ymd COS(2| LU e “mnt. (7)
4a 2a '

C(—a,y,z,t)=C(a,y,z,t)=C;,,
For large value of the timg the series in E¢(7) converges
C(x,—b,z,t)=C(x,b,z,t)=C, (t>0) (5) very rapidly andC(x,t) is very nearly given by its first term,
I=m=n=0. That is

_ 10248(C,~Co) _ (md| (mx| .
where Cq is the saturation concentration which can be ex- C(X,.)~Cs— ———g— sin ;—|cos 5—Je"“000,

perimentally determine¢q, b, andc are defined in Fig. 6 (8)
This type of equation with the above initial and boundary
conditions is frequently encountered in heat conduction anevhere

C(x,y,—c,t)=C(x,y,c,t)=Cg,
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Thus, if the logarithm oCS—C_(x,t) at any poinix is plotted
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In Fig. 8, IN[Cs— C(x t)} at x=0 is plotted as a function of

time t. After t=2 h, this curve showed an almost linear re-

lation with slope of— aq o~ —0.219 h'L. Since the crystal

has tetragonal symmetry, the dlfoSIVIty along theaxis,

D., may be different fronD, the diffusivity along thea or

b axis. However, the third term ifxg g o, D./c?, will have a

relatively lower influence on the measured slope due to th

largec value (=2.9 mm) compared witla (=1.8 mm) and

b (=1.55mm) unlesdD, is much higher tharD,. If we

assumeDy~D, as an approximation,

Do Do De
|~

+ + L it 0.219
Fa 2| ~021,

772D0
— | S+ >+
4 |a? b? c?

4
cné/h
cmé/s  at 750 °C.

Do~0.105< 10?2

=0.292< 1078 (10)

This measured proton diffusivity is comparable to those re-
ported for TiQ (Do~0.190x 10* cn?ls) (Ref. 23 and
LiNbO3 (Dy=0.193~2.507x 10" cn¥/s) (Ref. 21 at the

same temperature. As previously mentioned, the proton con-

centration was calculated using thgy value for LiNbO,
(~9.125<10 8 cm). Pl Ba, Nb,Os may have a differ-

entapy value and therefore the resulting proton concentra-

=2 h, this curve became linear with a slope-00.219 h'%,
lflope appo and the resulting diffusivityD, are not af-
cted by the absolute values of proton concentrations but
only by the ratios of proton concentrations, as is manifest in
Eq. (9). The concentration€(x,t), obtained by substituting
Do~D¢~0.105< 10" 2 cnm?/h into Eq.(7) were given in Fig.
7 as solid lines and compared with the experimental data.
The experimentally measured concentrations were in reason-
ably good agreement with Eq7) except near the edges of
the crystal. The difference observed near the edges seems to
be due to the out diffusion of protons during the heating and
cooling processes when the flow of water vapor was shut off.
Early investigation$1?*showed that the O-H bonds in
TiO, and LiNbG; are polarized perpendicular to tleeaxis.
In TiO,, the polarization of the O-H bonds perpendicular to
the ¢ axis is strikingly reflected in the diffusivities:?* The
diffusivity of protons along thec axis is higher than that
perpendicular to the axis, even though the O-H bonds vi-
brate perpendicular to the axis. It was suggested that the
large open channels parallel to theaxis in the TiQ struc-
ture account for the faster diffusion along thexis®* Bates,
Wang, and Perkirf8 proposed that the diffusion parallel to
the ¢ axis proceeds by a proton jump from one“on to
@nother along the channel, and the diffusion perpendicular to
the ¢ axis proceeds by a rotation of the O-H bond to move
H* from one channel to an adjacent channel, followed by a
proton jump to another @ ion in the same channel. In
LiNbOg, however, the diffusivity was found to be isotropic
within the experimental errd®. Unlike TiO, and LiNbQ;,
PBN has O-H bonds polarized parallel to, as well as perpen-
dicular to, thec axis. In this study, we considered the diffu-
sion of protons with their O-H bonds perpendicular to the
axis only because of the greater proportion of O-H bonds
perpendicular than parallel to tleeaxis and the limited num-
ber of available crystals. The diffusion behavior of protons
whose O-H bonds are polarized parallel to thexis requires
further work.

V. THERMAL DECAY OF HOLOGRAMS AND PROTON
ACTIVATION ENERGY

Due to its high Curie temperature>B300 °C) and high

tions may be different from those given here. However, theproton concentration, PBN is a promising photorefractive
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FIG. 9. Time dependence of the diffraction efficiency measured

by a weak He-Ne probe beam during readout at 100 °C. Grating FIG. 10. 1£ thermal decay time of ionic grating, as a function

was written for about 2 min using two Arrecording beams and of 1/T. The slope of the fitted line gives the activation energy,

then one of them was switched off &0 in order to erase the AE=0.95-0.05eV.

electronic grating. The single erasure beam was also turned bff at

in order to reduce the beam coupling and other photoinduced efsfficiency indicates the revelation of the ionic grating with
fects. the continuing erasure of the electronic grating. This ionic
grating is insensitive to light erasure, but can thermally de-
material for nonvolatile holographic storage using thecay at high temperatures. After the diffraction efficiency of
method of thermal fixing. It has recently been demonstratethe revealed grating reached a maximuf@)( where the
that holographic gratings written in PBN50 with an*Aleser  total grating consisted of mainly the ionic grating, it began to
can be fixed by heating the crystal above 100 °C and coolinglecrease due to thermal decay. It was observed that the rela-
down to room temperature before revelatiin the follow-  tive maximum of the diffraction efficiency from the revealed
ing section, a few aspects of proton activation and transient®nic grating was larger at the higher temperature mainly due
of grating decay at various temperatures are studied. to the enhanced ion activation at higher temperature. The
A PBN50 sample of dimensions 1.9 8.5 mm single Ar" beam was then turned off at some poibX)(after
x2.3 mm was first heated up to temperatures ranging fronthis maximum in order to reduce the beam coupling and
70 to 110 °C, then a grating was written in the crystal withother photoinduced effects, such as charge screening effect,
two Ar" beams §=514.5 nm) of equal average intensities in the presence of the Arbeam. As seen in Fig. 9, them
around 800 mW/crh The beams were extraordinarily polar- semilogarithmic plot of the diffraction efficiency after the
ized and intersected symmetrically inside the crystal with arAr™ beam was turned off consists of a single exponential,
external angle of 32° so that the grating vector was orientedhdicating that there is only one ionic species participating in
along thec axis. The diffraction efficiency, defined as the the ionic grating decay.
ratio of the diffracted intensity to the incident intensity, was The 1k decay timesr of the ionic gratings at elevated
monitored using a Bragg-matched weak He-Ne probe beariemperatures were measured with a Bragg-matched weak
(A=632.8 nm). The writing times of the holograms were He-Ne probe beam in order to determine the activation en-
typically 2—3 min, so that positive ions could migrate to ergy of the ions. As shown in Fig. 10, the semilogarithmic
compensate the electronic gratings. During readout at thplot of 7 versus the reciprocal of temperaturd& Iollows the
same elevated temperature, only ong Aveam illuminated  Arrhenius law:
the crystal in order to erase the electronic grating and reveal
the ionic grating. A typical erasure curve at elevated tem-
perature T=100 °C) is shown in Fig. 9. At the beginning of
the readout, i.e., when one of the Abeams was turned off
att=0, the diffraction efficiency from the total grating, con- whereAE is the activation energy of ions. By fitting the data
sisting of both electronic and ionic components, was nonwith Eq. (11), the thermal activation energy of ions was de-
zero, indicating that the ionic compensation process was ndermined to be 0.950.05eV. By extrapolating the fitted
complete, and that the total grating consisted of a larger eledine to room temperature, the ionic grating lifetime at room
tronic component and a smaller ionic component. During théemperature was estimated to be 10 h in this PBN50 crystal
initial phase of the readoutAB in Fig. 9), the single Af  containing~ 10'° cm™2 protons.
beam uniformly photoexcited trapped electrons and started The measured activation energy in PBN50 is close to the
erasing the electronic grating. Since the erasure of the ele@roton activation energy of 1.1-1.4 eV measured in LiNbO
tronic grating was fast compared with the thermal decay ofRef. 26 and 0.81-1.04 eV in KNb§?’ Since it has been
the ionic grating, the diffraction efficiency of the total grat- suggested in these materials that thermal fixing is made pos-
ing decreased until poi in Fig. 9 where the magnitude of sible by protons, it is likely that protons are responsible for
the electronic grating was nearly the same as that of the ionithe formation of ionic gratings in PBN50 as well. Another
grating. The subsequent risBC in Fig. 9) in the diffraction  indication that protons are the species responsible for the

7(T)= reexp( AE/KT), (11)
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ionic grating formation is that the diffraction efficiency of =0.193~2.507<10 ® cn?/s) at the same temperature. The
the thermally fixed grating increased with increasing protorholographic measurements showed that the electronic grat-

concentration in the cryst&f. ings were compensated at elevated temperatyifs-
110 °Q by the ionic gratings which involved the activation
VI. SUMMARY and migration of protons (H. The proton activation energy

i measured in RyBa; sNb,Og by the thermal decay of ionic
We have grown large Rb,BaNDb,Og single crystals by  gratings wasAE=0.95+0.05 eV, which was close to the

the vertical Bridgman method in sealed Pt crucibles in theproton activation energies of 1.1-1.4 eV and 0.81-1.04 eV
composition range of 051—x<0.6 with negligible PbO reported for LINbQ and KNbQ, respectively.
loss. As-grown crystals showed a strong Oldbsorption

bands near=3485 cni !, revealing the existence of protons
(H™) which account for the formation of the secondary grat-
ing at elevated temperatures and the resulting thermal fixing
of holograms. It was found that all of the O-H bonds were This research was funded by the Defense Advanced Re-
polarized either perpendicular or parallel to thexis, with a  search Project AgendDARPA) through the Photorefractive
greater density of O-H bonds perpendicular todtexis. The  Information Storage MaterialPRISM) Program(Contract
proton concentration increased with high-temperature hedtilo. MDA 972-94-2-0008. Facilities support was provided
treatment in a humid atmosphere and decreased in an amtiy the NSF/MRSEC Program through the Center for Mate-
ent or oxygen atmosphere. The diffusivity of protons perpenrials Research at Stanford University and by DARPA
dicular to thec axis was measured in RPEBa, Nb,Og by  through the Center for Nonlinear Optical Materials at Stan-
proton in-diffusion experiments and was found to Bbg  ford University. The authors wish to thank Baegin Sung in
=0.219x 10 ® cn?/s at 750 °C, which was comparable to Applied Physics Department, Stanford University for his
those in TiQ (Dy=0.190<10 ® cn?/s) and LiNbQ (D, help with the high-temperature absorption measurements.
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