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Effect of Al concentration on the holographic grating efficiency and ionic conductivity
in sodium magnesium aluminosilicate glasses
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A systematic study of grating formation, erasure, and decay in JBN2MgO- xAl,03- (73— x)SiO,
glasses doped with 1.26 mol% Hg is reported as a function of AD; concentration foxx=0 to 15. The
permanent change in the index of refraction was a linearly increasing function,0f Abncentration. The
grating buildup and erasure rates also increased wijDAtoncentrations. This is attributed to the reduced
activation energy for forced diffusion of small modifiers bound to AlC@lusters rather than to nonbridging
oxygens. lonic conductivities were also measured to confirm the reduction of the activation energies. The
results of this study support the model for grating kinetics in rare-earth sensitized glasses proposed recently by
Dixon, Hamad, and Wicksted.
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I. INTRODUCTION with substitutional Al are known to be mobile. Substitutional
Al captures an electron from a nearby interstitial alkali to
Glasses sensitized with rare-earth ions are of interest for grm thesp® hybrid orbitals needed to satisfy the tetrahedral
variety of optical signal processing applications. Laser-coordination. The extra electron on the AlGcomplex is
induced permanent and transient refractive-index gratings ighared over all four tetrahedral bonds. Consequently, the cen-
Eu®"-doped silicate, phosphate, and germanate glasses hatef of charge on the AlQ complex is further from the posi-
been previously reportéd’® These gratings were formed tively charged alkali than would be the case if it were bound
and detected using the nondegenerate four-wave mixintp a nearest neighbor Q this decreases the activation en-
(FWM) technique. In all of these studies, the 465.8 nm line€rgy required for alkali diffusion. This impurity complex has
of a cw argon laser was used to excite thé Eions and a  received extensive attentitin'® because of its role in de-
He-Ne laser to detect the grating formation. The glass com@rading the performance of precision quartz oscillators. In
positions studied previously supported relatively Weaksmpler_ silicate glgs_,s_esé _tglze substltgtlon of Al for Si increases
changes in the refractive indices and required writing timedn€ ionic conductivitie$;~** suggesting strongly that subst-

of several minutes to hours to produce maximum grating}Utlonal Al can p""?y the same role in glass as 't. dqes n
efficiencies. quartz. Thus, one is led to expect both increased ionic con-

Previous researéh®2supports the conclusion that the ductivity and, viewed from the perspective of the diffusion

rating consists of a transient and a persistent component n?odel, improvement in both the strength and rate of forma-
g g P P lon of holographic refractive-index gratings when the Al

different physical origin. The transient component is due to %ontent of the rare-earth sensitized glasses is increased.
population grating in the’D, metastable state of £u.% Here, we report a systematic study of grating formation
The persistent component has been attributed to rearranggnq ionic conductivity when the AD; concentration in an
ment of the glass network due to migration of small modifi- 51, minosilicate glass host containing 1.26 mol%,E4 is

ers. This rearrangement is driven by the hot phonons that akgyried from 0 to 15 mol%. The growth, decay, and erasure of

emitted when E¥ decays nonradiatively from theD, state  the grating are reported as functions of the@y concentra-
(reached by absorption of 465.8 nm laser ligtat the °Dy  ign.

and °D,, states. It should be emphasized that this hot-phonon

population is nonthermal, consisting initially of the highest

energy phonons in the glagsear 1300 cm’ in the present Il EXPERIMENT

cas@. Behrens, Durville, and Powélised a tunneling model '

to account for the dependence of the diffracted efficiency of All experiments were performed using the 465.8 nm laser

the permanent laser-induced gratihdG) on the mass of the line of a cw argon laser operating in the TEMnode as

alkali modifiers in their samples. Recently, we showed thatlescribed previously by Ref. 11. The Gaussian profile of the

the hot phonons can force diffusion of small modifiers in thebeam was confirmed by using a laser beam profiler. A cross-

illuminated regions of the write beams and thus modify theing angle of 10(measured in ajiwas used. The write beams

local refractive index of the glass by modifying its composi- were focused using two lenses each of which had a 50 cm

tion on the scale of the fringe spacing. This model account$ocal length. The diameter of each beam was measured to be

well for the kinetics of grating formation and decgy. 140 um using the beam profiler. This corresponds to a Ray-
The diffusion model for the formation of the persistent leigh range of 4.7 cnfin air).?® The total power of the write

gratings suggests that increasing the Al concentration wilbeams was 30 mW. The read beam was focused so that its

improve the grating efficiencies. In crystalline quartz, a usediameter at the position of the sample was about A80and

ful analog for silicate glasses, alkali impurities associatedilled the laser-induced grating. The power of the read beam,
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AR LRALS LARA) LAALS RALRN LARLE RAASS LARAN RARLS ate, then, to briefly review some of the features of this
model. The reader is directed to Ref. 12 for details. In this
RO adta LT ] model the persistent refractive-index contrasty,,, arises
. from the modulation of the local chemical composition pro-
3 duced by forced diffusion of small modifiers from the bright
"... 3 toward the dark fringes of the interference pattern. The popu-
‘ lation of hot phonons produced by nonradiative relaxation of
112°C the optically excited rare-earth sensitizers provides the en-
e ] ergy to drive this diffusion. The ratg, which the LIG forms
25 °C 3 is a linear function of the optical intensitfand hence, the
\ ] hot-phonon density as was experimentally verifi€d by
OO 5 4 6 8 10 12 14 16 18 power—dependenc_e measurements. The_maximtmr,;g, that _
can be produced is proportional to the initial uniform density
Z' (MQ) M, of mobile modifiers(bound weakly enough to be forced
into diffusion by the hot phononsto a good approximation,
FIG. 1. Typical Nyquist plot of the complex impedances. Mea-this maximum is independent ¢, . Both the mobile modi-
surements were collected as a function of frequency from 0.1 Hz tgjers and the traps are consistent with a nonequilibrium dis-
20 kHz: frequencies increase from right to left. The right-hand zeroyip, \tion of modifiers that results from rapidly quenching the
in Z" occurs at thez’ corresponding to the d.c. resistance. Theseglass-forming melt from 1550 °C. The transient component,
results are for Al-3. ANy, Of the LIG has been shown to be an excited state

P,, at the sample surface was 3.5 mW. population grating composed primarily of £uin the meta-
Glass batch compositions were prepared from sodium castable°D state™**

bonate, magnesium carbonate, europium carbonate, alumi- The FWM experimental results are fit to the SMD model

num oxide, and silicon dioxide precursor powders ofby solving, numerically, the coupled partial differential equa-

99.99+% purity. All powders were mixed for approximately tions shown below:

1 h prior to loading into a standard form platinum crucible. ot)

The mixture was then raised to 1650 °C in a series of ramp IN(X,t

and soak stages to allow for the decomposition of the car- i oM DS = N(X, D) ] (N

bonates. After soaking at 1650 °C for 50 h, the charged cru-

cible was cooled to 1550 °C in the melting furnace at a rateand

of 10 °C/h. Optical quality samples were made by transfer- 5

ring the charged crucible into a separate annealing oven pre- M) +N(x,1)] — S J [dHMOGD]. (2

heated to 450°C and annealing both the crucible and its at Vo2t o2 ' e

charge fo 1 h at 725°C. Theannealing furnace was then Here,M(x.t) is the density of the mobile modifiersl(x,t)

turned off and allowed to cool down to room temperature. AS the density of trapped modifierS; is the density of deep

core drill was used to remove the annealed glass fronj . S
the crucible. The sample was then fine polished usingﬂ""ps'yT is the rate constant for the trapping, is the rate of

cerium oxide polishing material. The batch composition opping between adjacent sitéhis density of sites at which
of the samples was [(73—X)SiO,- 156Na0- 12MgO mobile modifiers are distributed, aradis the mean separa-
-XAl,05 106874 EOs]o o126 Wherex=0, 3, 6, 9, and 15. tion of _sites.q&(x) is the de_nsity c_)f hot phonons, which is
In the following discussion, the samples are identified by thé)roportlonaI_KE(o the,”L'ght Intensity fand gven by (x)
Al,O5 concentratior(i.e., Al-0, Al-3...Al-15). = do(2+me™+ me )/.2’ Whgre% |s.the d‘?”s'ty of hot
lonic conductivities were determined by impedance specphonOnS when the light intensity is uniford€.is the wave

troscopy. Samples, typically of 1 Goross section and 1 mm vector of the interference pattern in the sample. The integer
: ' i: is one during the writing process and zero during the op-
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thickness, were polished as described above and plated wi | This ol f f lects th
Au-Pd electrodes. They were then mounted in a temperatur ical erasure. This plane wave form faf(x) neglects the

controlled over. Under a 0.5 mV a.c. potential difference, the; aussian p_rofile of the grating._This_ Is not a serious limita-
in-phase and quadrature components of the current wer" since,(i) all samples used in this study have the same

measured using a two-phase lock-in amplifier operating jrffuropium content, andi) the grating contains many periods

the current mode. This allowed the real and imaginary comyvithin the Gaussian envelope thus allowing the partial dif-

ponents of the complex impedan, andZ”, respectively, ferential equations to be reduced to rate equations by trans-

to be determined as a function of frequency. Fig. 1 show{_ormation to Fourier space. The trapping and transport equa-

typical results displayed for several different temperatures.'onst[.Eqs' (1 and 2] can be reduced to a set of coupled
The minimum in theZ” vs Z' plot (Nyquist ploy occurs ~ €duations

whenZ’ is equal to the d.c. resistance of the sample. . .
q P Mot No=—Ba(2Mpt MM, +mM, 1) (3

IIl. THEORETICAL MODEL The change in the index of refraction as a result of the

The experimental results will be interpreted in the light of transient and  persistent gratings is given byn
the small modifier diffusio{SMD) model™ It is appropri- ~ =ANya,tAnpe, Where  Ange=ng(ci/100)(AM; /M),
I
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FIG. 2. Typical write-block-erase sequence. The curve is a fit to [ALO] (mol%)
the data using Eq.3) of the model with the model parametess . .
=0.257 ¢ andM,=2.83x 10 cm 2. These results are for Al-6. FIG. 3. Dependence of the persistent grating strength on the

Al,O; concentration. The linear dependence [&,0;] is pre-
dicted by the small-modifier-diffusion mode¥l, is the concentra-
tion of mobile modifiers required to produce the observed persistent

where ¢; is the concentration of the component oxide in~>" )
grating strength using the model.

mol.% andng; is its contribution to the index of refraction,
M; is the mean total density of thi¢h chemical species. ) ]
The fitting parameters used a@ = y,b,SK?a?/2, the blocking one of the write beams. The curve through the data
rate of growth and optical erasure of the persistent gratingShown in Fig. 2 is a fit of the small-diffusion-modifier model
andM, the mean density of mobile modifiers. The trappingdeveloped by Dixon, Hamad, and Wickstédrhe rate con-
parameter,yr, is important only for extended write times stant,8;, for the growth and optical erasure of the persistent

and was unnecessary in the present study. grating and the density of mobile modifiefd,y, in Eq. (3)
were treated as adjustable parameters to obtain the fit. Data
IV. RESULTS AND DISCUSSION similar to that shown in Fig. 2 were collected for each of the

Al concentrations.

The samples used in this study have different thicknesses Fig. 3 displays the Al concentration dependence of the
and absorption coefficients. Also, in our experiment, theshange in the index of refraction due to the persistent grating
overlap of the write beams is larger than the sample thick{grmation. An .. is the value ofAn immediately after the
ness; therefore, the grating length is equal to the samplg it peams 3vere blocked. The data clearly show that the

g?;:kn‘fsj ?‘”d ld_lffters In _eagh of (tjhe?e sz;\rr]nples.t_ Slnlce tt?grating strength increases linearly with increasing Gyl
racted signai In ensity is dependent on the grating leng oncentration in the melt. According to the small-modifier
and absorption, it would not be accurate to compare the re-

. - ) .~ "Hdiffusion model*? the change in the index of refraction ob-
sults of the samples according to their diffraction efficien- : : .
grved by first-order Bragg scattering of the probe beam is

cies. Therefore, we compared them using the induced chan% . . .
in the index of refraction, calculated using the method of roportional to the first-order Fourier component of the local

Hamad and Wickstetf, which accounts for sample thick- density of modifiers that are able to diffuse under the influ-
ness, absorptivity, and the Gaussian profiles of the beam§NC€ Of the laser interference pattern. This, in tumn, is propor-
This enabled us to determine the role of the@{ concen-  tional to the total mobile modifier density which, as we noted
tration on the refractive-index contrast, which is responsiblé?P0ve, is expected to increase linearly with the density of
for the diffraction efficiencies. substitutional Al. The observed linear increaselin,, con-
Typical results for a write-block-erase cycle are shown infirms this prediction of the diffusion model. The right-hand
Fig. 2 for the Al-6 sample. When the write beams wereaxis of Fig. 3 displays the corresponding mobile modifier
turned on, the diffracted signal appeared immediately andlensities for the various sample compositions. One notes that
reached its maximum rapidly. At this point, if the write the mobile modifiers represent only a fraction of the Na
beams were kept on, the signal intensity decayed slowly. Abound to AIQ, clusters. This is to be expected since in ad-
we have shown elsewhet&this behavior is consistent with dition to a reduced binding energy to the cluster there must
random-walk diffusion in a medium containing a low density also be nearby Eii on resonance with the laser to provide
of deep traps. In general, the decay rate of the signal wasxcitation and an open channel for the Na to migrate along
dependent on the AD; concentration. When the write the intensity gradient.
beams were blocked after the diffracted intensity reached its This picture of the role of Al in increasing the number of
maximum, the signal decayed quickly to a persistent levelweakly bound modifiers is further validated by the ionic con-
Erasure of the persistent grating was accomplished by urductivities of these glasses. Fig. 4 shows an Arrhenius plot of
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FIG. 4. lonic conductivities deterrr_n_ned by impedance spectros FIG. 6. Transient grating strength as a functiof AF,0;]. The
copy for the several sample compositions. These also demonstrate - L
: . . o . Nyans fOr the three lowest concentrations are not distinguishable
an increase in mobile small modifiers [l ,05] increases. e . . . .
within experimental uncertainty. The curve is a guide to the eye.

[ALO,] (mol%)

the ionic conductivities of the compositions studied optically.j e the alkalis are coordinated to BO’s. In this case, small
Clearly, the addition of AIO; causes an increase in the ionic configurational changes occur due to the alkali migration. In

gies for ionic diffusion are obtained from the slopes of thegccyr. In the aluminosilicate glasses, both mechanisms are

Arrhenius curves. These activation energies are displayed iBossible.
Fig. 5 and demonstrate that the small modifiers responsible The dependence of the transient component of the grat-
for the ionic conductivity are, on average, less stronglyings on ALO, concentration in the melts is shown in Fig. 6.
bound as the Al concentration increases. _ This is seen to increase slightly at the largest Al concentra-
Even with no Al doping, it is still possible to write a weak tjon. We interpret this as resulting from either an increased
grating, indicating that alkalis associated with Al are not thepopulation in Eu ions with theifD, states on resonance
only mobile modifiers. Likewise, there is a nonvanishingith the laser and/or to an increased branching ratio for non-
ionic conductivity in the absence of Al. In discussing the ragjative decay to théD, state. Both of these could result
lonic Zconduct|V|ty of aluminosilicate glasses, Greaves andyom an increase in favorable Eu environments in the net-
Ngaf? have proposed two mechanisms for the alkali ions tQyork. In either case, there will be an increase in the number

migrate through the network. In the first of these, termedyf hot phonons generated to stimulate diffusion of small
intrachannel hopping, the alkalis are coordinated to non,qgifiers.

bridging oxygengNBO's). Alkali migration is accompanied Figure 7 displays the Al dependence of the buildup times
by a redistribution of bonds so that NBO's follow the migrat- ¢ e grating for formation of the maximum grating,(,)
ing alkalis to minimize the electrostatic energy of the net-54 for formation of 50% of the maximum gratingsf). The

work. In other words, some of the NBO's exchange withy,ch jonger times to maximurin are expected because of
bridging oxygendBO's). The second, network hopping, 0c- the gradual depletion of mobile modifiers in the illuminated
curs when the alkalis are associated with the Al@roups,
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FIG. 7. Rise times for grating formation to maximum and 50%
FIG. 5. Activation energies for ionic motion determined from maximum grating strength. Both decrease with increahigO;].
the data of Fig. 4. The line is a guide to the eye. The curves are guides to the eye.
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FIG. 8. Comparison of the initial growth rate of the gratings Time (Min)
with the prediction of the small-modifier-diffusion model as dis-
cussed in the text. The line is a least squares fit to the data. The £ 9. Normalized erasure curves for the several compositions.
right-hand axis represents the growth re@eMo, of the first-order e grasure rate increases rapidly with increagifigO;] at low

tFhourierdc?mponent of the nonuniform modifier distribution used inconcentrations, but appears to have saturated by Ai%0,].
e model.

tive index caused by the writing process, but, as we have
regions as the grating develops. In the diffusion mtidier~ noted above, do not reestablish the original nonequilibrium
grating kinetics, the initial rate for grating formation is pro- distribution of modifier energies. Thus, there will remain a
portional to both the initial density of mobile modifiers and persistent lens due to the Gaussian profile of the erasure
to the density of hot phonons. Thus, it is expected that thdeant®
initial rates for our glasses will be a linear function of the
product of An,,s and the A}O5; concentration in the melt. V. SUMMARY AND CONCLUSIONS
Using An,(50%)/750 as an estimate of the initial rate, this

linear relationship is displayed in Fig. 8. In this paper, we have shown that the evolution of the

. . . . trength and kinetics of holographic refractive-index gratings
Figure 9 displays the erasure of the persistent mducela Eu-sensitized aluminosilicate glasses with increasing Al

change in the index of refraction for the set of samples used .. tion is well described by the diffusion motférhe
in this study. The erasure rate, like the rate of grating forma-

tion, is faster for the samples with higher &), concentra- role of Al in increasing the concentration of mobile modifi-
tion’ During the erasin process theg dark ?e : ions 'S as inferred from studies of analogous centers in crystal-

: 9 _ gp I gidregy line quartz, is confirmed by the increasing ionic conductivi-
that were dark fringes during the writing procesas well as

. . ! . . . ties and decreasing activation energies that accompany
th‘? .brlght reg|0n$reg|on§ that were bright fringes during the higher Al concentrations. These results indicate that the dif-
writing process are illuminated. Therefore, the processes of

structural and compositional change that took place in th fusion model contains the essential physics of the grating

bright regions now occur in the dark regions as well. In?ormatlon process.
addition, the bright regions experience structural changes
due to the redistribution of the mobile modifiers. As the fig-
ure shows, the rate of structural and compositional change This material is based upon work supported in part by the
slows as ever-more-tightly-bound modifiers must be movedUuS Army Research Office under Grant No. DAAH04-96-1-
These changes remove the spatial modulation of the refra®322 and the NSF under Grant No. DMR9705284
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