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Kinetics of holographic refractive-index gratings in rare-earth-sensitized glasses
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Diffusion of small modifier cations over distances large compared to the interatomic spacing is used to
account quantitatively for the kinetics of photoinduced refractive-index gratings that can be holographically
written in rare-earth-doped glasses. A model is developed that includes diffusion activated by nonradiative
relaxation of the rare-earth sensitizers, drift under the space-charge field or externally applied fields, and
trapping of the mobile modifiers. In this model the refractive-index contrast of the grating arises from the
modulation of the concentration of small modifiers. The model accounts well for experiments tuldhed
silicate glasses reported hef80163-18208)04525-1

I. INTRODUCTION Il. MODEL

We consider the persistent refractive-index modulation to

due to an underlying modulation in the concentration of
Zmall network modifiers. This differs from the proposal of
Behrens and co-workef® in which the environment, but

not the local concentration, of the modifiers is altered when

a transient component and a persistent component. The yie orating is written. The dependence of the refractive index
treme stability of the persistent gratingsssentially perma- ¢ y1asses on the concentrations of network modifiers is fa-

nent when rgad with 632 nm or longer wavelengths at ro0Myjjiar to glass chemists. App&hhas shown that the refrac-
temperaturg in these glasses makes them excellent Ca”d"ive index of oxide glasses can be expressed as
dates for optical demultiplexers, filters, and read-only opticaf

memories. The fast-transient gratings, also found in these
systems, have been proposed_for 5|g_nal modulﬁ&m&t have ng= 2 Ng,iCi/100, (1)
promise as wavelength-selective switches. There is great po- i
tential for forming these glass-based devices as integrated
fiber-optic systems. Grating strengths in these glasses haveéhere thec; are the concentrations of the component oxides
been steadily improved by optimization of the compositionin mol % and theny ; factors are their contributions to the
and processing parameters. refractive index.
The transient component has been identified as an In this picture it suffices to calculate the densil(x,t)
excited-state population grating in Eudoped glassésby  of mobile modifiers to obtain the strength of thersistent
its decay rate, which is identical with that of the long-lived grating. To be mobile a modifier must be small enough in
D, excited state. A similar identification has been madediameter to pass along the interstices of the network. This
with the 1D, state in P¥"-doped glasse€5The source of the consideration indicates that light alkali or alkaline-earth
persistent gratings has proven more elusive. Behrens arfdodifiers, e.g., Na, Li, and Mg, will be the most important
co-workeré~% attributed it to hot-phonon-mediated tunneling chemical species for formation of permanent gratings. This is
of network modifiers at the sites of the excited rare earthsonsistent with previous experimental observatibfiZhese
that undergo nonradiative decay. The change in the locahodifiers must also be bound in wells that are shallow
refractive index of the glass in their model was the result ofenough that they can be excited out of them by the hot
alteration in the immediate neighbors of the rare-earth sensphonons available locally. Because of this, the density of
tizers. Their mechanism has been challenged by Broeinobile modifiers of a given chemical species may be sub-
Bruce, and Grokiewic? who did not observe persistent grat- stantially smaller than the total density of that species.
ings in binary NaO-SiO, glasses doped with Er and with Pr; ~ The modulation of the concentration of modifiers arises
they did, however, produce both persistent and transient graby hot-phonon-driven diffusion from the native composition.
ings with Eu doping. They raised the possibility of a multi- As in the proposal of Behrens and co-workér$the hot
step electronic process as the source of the persistent grathonons that drive the production of the persistent grating
ings. are produced by nonradiative relaxation of the rare-earth ex-
In this paper the defect physics of the persistent gratingsited state. Figure 1 shows a simplified energy-level diagram
in these glasses is investigated. The persistent gratings far the excitation-relaxation scheme of the rare-earth sensi-
these materials are attributed to a source with welltizer. It is initially excited to the upper excited state*)
established roots in glass chemistry. Kinetic equations for th&om which it can relax radiatively to the ground-state mani-
formation and optical erasure of these holographic gratingéld or nonradiatively to the lower excited staf2*). The
are developed and their predictions are compared with eXdower excited state subsequently relaxes radiatively to the
periment. ground-state manifoldR,, R} , andR5 represent the densi-

Rare-earth-sensitized silicate, phosphate, and germanaie
glasses can support refractive-index gratings created by e
citing into states with strong nonradiative decay
channels ™! These holographic gratings commonly exhibit
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T <]*> produced in nonradiative relaxation of the excited rare-earth
modifiers. We takey(x,t) to be proportional to the local
hot-phonon densityb(x,t) so thaty(x,t) = yo¢(Xx,1).
Sincea< A, the period of the grating, it is convenient to

<2*> pass to the continuum limit by letting, for any position-
dependent propertf/(x,t),
ot fOxt RAICS)) 10 (xt) A
In this limit
IM(X,t) ) MO F?0(x,1)
YT dXOMX Y — 7
2
HM(X,1)
y_ v _ IHXHMX)
<0> O(x,t) e : )
FIG. 1. Simplified energy-level diagram for rare-earth sensitiz-Recalling thatO(x,t) = S—M(x,t), this becomes
ers. The(1*)—(2*) transition is nonradiative.
IM(X,1) ) PM(x,t)
ties of rare earths in the respective states. If the lower excited Ty s HOMX) —3
state is long-lived compared to the upper state, the strength ,
of the transient will be proportional t8} and, thus, to the I“P(X,H)M(x,1)
density of hot phonons. HIS=M(x0] ax? G
This leads to a total refractive-index modulation for the
grating given by Under conditions of uniform illuminatiog(x,t) = ¢q, so
that Eq.(6) reduces to
AN =gRE (D) + S Ny — AMi(x.t) ) IM(X,1) PM(x,1)
L) 2 ’ - di - = —~ ’ ’
100 WM™, e =+yO¢OSa2{T . 7

where thengy; andc; are the factors from Eq1) above for _ )
the mobile modifiersAM;(x,t) is their local excess density, 10 include the effects of the space charge and applied
M; is the mean total density of théh chemical species, and fields, express the transport using the equation of continuity

g is a proportionality factor for the strength of the transient IM(X,1)
grating. L=
Transport equationFor simplicity, suppose that only one at
SpecieS Of modiﬁer iS m0bi|e. The mObile modiﬁers are diS-and d|V|deJ into diﬁusion and d”ft Contributions
tributed over a uniform density of sit€s The mean density
of mobile modifiers isMg. In the native state of the glass J=—nVM+uME. 9
these mobile modifiers are also distributed uniformly. The
effect of a gradient in the light intensity in the sample is to
produce a corresponding gradient in the probability that a'on
modifier can hop among neighboring sites. One-dimensiona{I‘EIatlon
diffusion resulting from the gradient in the hopping probabil-

-V.J, (8)

Letting g be the charge on the mobile modifiers, the diffu-
ion constant; and the mobilityu are related by the Einstein

q

ity and drift under the action of the space-charge field and an n=—=1. (10
external electric field are considered. All fields and the net KeT
redistribution of modifiers are parallel to the gradient. The electric fielcE is the sum of the applied field, and the

First consider only the diffusion. Suppose that each sitepace-charge fiellig given by application of Gauss’s law to
can accommodate only one modifier at a time. The density ofhe modifier distribution. The diffusion term in the equation

empty sites to which the modifiers may diffuse @x,t)  of continuity is identical with Eq(6). Under uniform illumi-
=S—M(x,t). Let a be the mean separation of sites. Thennation

the kinetics of the modifier distribution are given by

IM(x,1) p= = voSE o, (11)
=—vy(X,)M(X,t)[O(x+a,t)+O(x—a,t)] B

ot
When the illumination is nonuniform, a local mobility can be
+[y(x+a,t)M(x+a,t) defined by replacingp, by ¢(x) in Eq. (11) above. This
+y(x—a,Hh)M(x—=a,1)]O(X). 3 9ves
v(x,t) is the rate parameter for hopping between adjacent aq

Jd
sites. It is optically stimulated by the high-energy phonons V'Jd”“_kB_T YoS& ax LEOMGDEXGD]. (12
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It can also be expected that the glass contains sites thabnvenient to define a “fringe contrast factorm
bind the mobile modifiers too tightly for them to escape. In=2(1,1,)%%(1,+1,).* Then, withx=0 chosen to lie on an
lightly doped material these might simply be sites too farintensity maximum,
from the rare-earth activators for the hot phonons to be ef-

fective in mobilizing modifiers from them. Their effect on [(X)=(l11+12)[1+m cogKx)], 17
the transport is included by following the buildup of trappedynerek = 27/A is the wave number of the grating. Taking
modifiers. the hot-phonon density to be proportional to the local light
IN(X.1) intensity gives
o e OMOGHIST=N(x D] (13 o _ _
¢(x)=7(2+méKX+me*'Kx). (18

Here N(x,t) is the density of trapped modifier§; is the
density of deep traps, angl; is the rate constant for the This allows the gratings to be expressed as Fourier series

trapping. "

The full-transport equation, including diffusion, deep ~ o
traps, and drift, can be expressed as M(X,t)_pz_m Mp(t)e (19
IM(X,t) B ) " PM(x.1) and

it =+ yoa| d(X,t)M(X,t) — x |

02¢(X,I)M(X,t) N(X’t):p;m Np(t)elpr (20)

F[S-MX )] ——%——
X for the mobile and trapped modifiers, respectively. The elec-
q IG(X,HM(X,DE(X,t)  IN(X,1) tric field will have the form
s MPTAST it A A
keT 7° ox ot DB D5 MO N
(14) ’ A eK §%o p

ipKX. (21)

As noted above, the space-charge field can be expressed aSiace the left-hand sides of these relations are real, it follows
function of the modifier densities using Gauss'’s law: thatM _ ;= M’p* , etc. If the applied fieldE,=0, all the Fou-
rier coefficients fotM andN are real so thavl _,=M,, etc.

The orthogonality of the complex exponentials allows the
transport and trapping equatiofi6) and(13) to be reduced

to a set of coupled-rate equations.

V-Eszg [M(x,t)+N(x,t)—M,]. (15)

Since each term in the transport equatidd) is proportional

to the hot-phonon density(x,t), which results from the

excitation and relaxation of the sensitizers, the gratings

formed by this process will be permanent in the dark. 5
It is often the case experimentally that there are far more . q°pn 2 n

sites for mobile modifiers than there are mobile modifiers, ekgTK? 550 p

i.e., S>Myg. In this case Eq(14) simplifies to

1+

: : igEa
M,+Np=—By(2M+ MM, 1+ mM,,_,) m

(2Mn—p+mMn—p+1

+mM,_,_1)(Mp+Np) (22)

AIM(x,t) + N(x,t i
[M(x Z;t (x )]=70532m[¢(x’t)wx’t)] and

0 Nn=Y7160Sr(2My+ MMy, 1+ MM, 1)
— = — [d(X, )M (X, 1) E(X,1)]|.
keT 96032 No( My MMy MMy ),
(16

This expression rather than the full-transport equatibf) 23
will be used in the following paragraph. The full-transport where 8,= yo$oSK?a?n?/2=n?g;. The first term in Eq.
equation is needed only when the density of mobile modifi{22) arises from diffusion and from drift under the applied
ers approaches the density of available sites so that it bdield; the second arises from drift under the space-charge
comes difficult to write gratings. Glasses of this latter typefield. Note that these rate equations describe both writing
may be of little technical interest. conditionsm~1 and optical erasuréleaching by uniform
Sinusoidal gratings.Refractive-index gratings in these illumination m=0. Optical erasure is often done by blocking
materials are produced by the interference of two overlapene of the write beams; in this cagg %= ¢3"'/4, assum-
ping laser beamg§‘write beams”) on resonance with a rare- ing proportionality between light intensity and hot-phonon
earth optical transition and detected by Bragg diffraction of goroduction.
longer-wavelength probe beam off-resonantkee ‘“read It is important at this juncture to examine the physical
beam”). To allow for the possibility that the intensitidg  effect of the trapping given by E23). It should be empha-
and I, of the two write beams are not equal, it is sized at the outset that the trappingnist necessary for the
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production of gratings that are fixed in the dark. This is pri- 0.020 g
marily the result of the diffusion of modifiers to a modulated 3
distribution that is fixed when illumination at the write-beam F
wavelength ceases, but can be erased by subsequent uniforr  0.016
ilumination. The deep traps have two effects on the gratings. ;
(1) They cause the gratings to decay slowly with extended
writing times because some of the modifiers are back-
diffusing from shallow sites. These may be trapped at sites
that are more nearly uniformly distributed than would be the
case if there were no trapping. This effect is especially im-
portant when the number of deep traps is comparable to the
number of mobile modifierg2) They lead to a grating that is
resistant to bleaching even by light of the same wavelength
as the write beams. This is of considerable practical interest :
since many of the applications that have been proposed for ~ 0.002 E
photorefractive media require that holograms be written and 0.000 E ]
read at the same wavelength. This can minimize the erasure o 10 20 30 40 50 60 70 80
problem that many photorefractive materials exhibit when
read on resonance.

The first-order Bragg diffraction from the persistent grat- £, 2. Power dependence of the growth rate of the gratings.
ing is due solely to thé1,+ N, Fourier amplitude. The fam-
ily of coupled-rate equations represented by H@2) and  of §32.8-nm light from a He-Ne laser. Each of the laser
(23) can be solved numerically so that their predictions carheams was focused to a 2@@a-diam spot. In all of the
be compared with experiment. The transient gratings decayyperiments reported here a write-beam crossing angle 2
with the lifetime, <3 ms, of the terminal excited-state den- — 4 25 was used. The phototube used as the detector was
sity R3 . On the time scale of the growth and decay of thecarefully calibrated so that the absolute scattering efficien-
persistent gratings>10s, this is instantaneous. The tran- cies of the gratings could be measured. The refractive-index
sient grating is included by a step function that turns on an@ontrast was calculated for each grating using the method of
off with the write beams. The amplitude of the refractive- Hamad and Wickstebe'_ This has allowed quantitative com-

0.018

0.014 F
0.012 E
0.010

0.008 E

Signal Build-up Rate (s’

0006 E
0.004 £

Write Beam Power, Py, (mW)

index modulation in Eq(2) is then parison of gratings in different samples.
The glass samples had a base composition
. c M;+N; 70Si0,-15Ng0-12MgO0-3Al,0;. Sample B9 was doped
An=gR; +nq H) M (24) with 2.5-mol % EyO3;, and sample B10 was doped with 5-

mol % EwO;. This ratio of Eu concentration between the

We shall refer to thisAn amplitude as the refractive-index two samples was confirmed by optical-absorption measure-
contrast. ments.

This model can also be adapted to describe materials in
which the refractive-index contrast arises from the electro-
optic effect, as is the case in many photorefractive materials.
In that limit the present model is similar to the hopping The transport and trapping equatioi2?) and(23) allow
model of Feinberget al* and is related in its results to the the kinetics of growth and decay of the gratings to be mod-
band-transport model of Kukhtaret al® eled and compared with experiments. A basic assumption of

There are four parameters in Eq22)—(24) that can be the model is that the transport is driven by nonradiative re-
adjusted to fit experiments3, principally sets the rate of laxation of the rare-earth excited state. In our samples this
growth and decay of the persistent gratinik, determines nonradiative relaxation is between thB, and °D, states of
the number of mobile modifiers and, thus, the strength of th&u**. Since, as Eqs(22) and (23) show, the transport and
persistent gratings. The produgt ¢Sy sets the rate at trapping coefficients are taken to be linear in the amplitude
which mobile modifiers become trapp€8; is a separate ¢, of the hot-phonon density, the rate of growth of the per-
parameter if almost all the traps become fijleahd thus, the sistent gratings are predicted to be linear in the write-beam
decay of the grating under extended writing conditions. Fipower Py, due to the proportionality betwee#i, and Py .

IV. COMPARISON WITH EXPERIMENT

nally, the transient grating is set R} . Figure 2 shows the growth rate of gratings, as measured by
the reciprocal of the time to reach half maximum, in sample
IIl. EXPERIMENT B10. The linear dependence exhibited by these data confirms

the validity of the assumption of a linear driving mechanism

The experiments reported here were performed using th#r production of the persistent gratings. This also seems to
conventional nondegenerate four-wave-mixing configuraus to rule out the multistep electronic processes suggested by
tion. Gratings were written with the 465.8-nm line of an'Ar  Broer, Bruce, and Grokiewi¢2as a source for the persistent
laser operating in the TE)J mode. This line pumps the gratings.
'Fo—°D, transition of the E&" sensitizer. The Gaussian Figure 3 displays results for two write-block-erase cycles
profile of the beam was confirmed with a laser beam profilerin sample B10 with a total laser power of 50 mW. During the
Gratings were detected with the first-order Bragg diffractioninitial 30 s both write beams are blocked to establish the
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FIG. 3. Grating kinetics of sample B10 at 50 mW of write-beam  FIG. 4. An extended write cycle for sample B10 under the same
power for two write-block-erase cycles. The curve is from theconditions as in Fig. 3.
present model as described in the text.

Thus, the model predicts a faster regrowth of the grating than

background level. Next the write beams are unblocked anéb possible in the physical glass.
the grating is written through maximum. The write beams To test the applicability of the parameters used to fit the
are then blocked for 60 s to allow the persistent grating to bélata in Fig. 3, an extended write cycle was performed at a
observed. Finally, one of the write beams is unblocked tdeighboring fresh location in sample B10. These results are
erase the persistent grating. Then the cycle begins again islisplayed in Fig. 4. The curve is the model calculation for
rewriting the grating. The curve in the figure is a fit to the continuous writing using the same parameters as were used
data using the model presented hﬁer My, andg R’z" were to fit Flg 3 with the exception thaMo has been reduced
adjusted to fit the leading edge, the maximum, and the trarslightly to agree with the smaller maximum produced at this
sient, respectively, in the first write cycle;¢,S; was ad-  New location. Again, there is excellent agreement between
justed to fit the decay of the persistent grating between théhe model and the experiment.
first and second blocking cycles. All fits of the model to data When the transient grating is due to a long-lived terminal
were “eyeball” only and were done by successive approxi-State in the nonradiative relaxation process, as is °ihg
mations of the fitting parameters. The fitting parameters arétate of EQ", the strength of the transient grating is not only

displayed in Table I. The mobile modifier concentratddg,  Proportional to the density of excited sensitiz&§, it is
assumed to be Na, is of the order of 1 ppm of the total Nalso proportional to the densitp, of hot phonons in the
concentration in the glass. glass. Thus,8;, Mgy, and yr¢,S; should all scale from

The model provides an excellent fit to all the data excepsample to sample in proportion ®5 as measured by the
during the middle stages of the second write cycle. This disstrength of the transient grating. Note that it may be impor-
crepancy is readily understood by the differences betweetant to use this excited sensitizer density rather than the total
the simple model developed here and real glasses. Since aknsitizer density to scale among samples of different sensi-
the mobile modifiers are taken to have the samgerate tizer concentration. Branching ratios for radiative and nonra-
parameter, the model implicitly assumes the same depth fatiative relaxation of the initial excited state may differ for
all the shallow wells in which they reside. lonic conductivity sites of different local symmetry, and it cannot be guaranteed
experiments show that real glasses possess a wide spectrtinat different concentrations of sensitizer will have the same
of well depths for small modifier¥’ It is reasonable to ex- distribution over the various possible sites.
pect that the modifiers will be distributed into wells that are  Figure 5 shows data for sample B9 collected under the
deeper on the averageompared to available hot phongns same excitation conditions as were used in sample B10. The
after optical erasure than was the case for the native districurve is calculated from the model using the ratio of the
bution of modifiers. This native distribution approximates ameasured transients to scale the remaining three parameters
thermal distribution at the fictive temperature of the glassfrom their values found for sample B10. It should be empha-

TABLE |. Fitting parameters.

Ew,O; conc.  Laser power B1 Mg V1St q
Sample no. (mol %) (mW) (s (m9 (sh © ANgansient
B10 5 50 0.158 2.44 1072 0.0415 0 3.0x10°8

B9 2.5 50 0.0395  6.1910% 0.0138 0 7.5 10°°
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4 T T candidate for such a deep donor would be a nonbridging
] oxygen that does not have a compensating cation among its
immediate neighbors. Because the space-charge field tends
to limit diffusion, it may be more difficult to write gratings at
longer wavelengths where electrons cannot be excited into
the conduction band of the glass. This could account for the
observation of Broer, Bruce, and Grokiewitzhat gratings
could not be written in Er-sensitized glasses using resonant
absorption at 980 nm.

The results of this model are in qualitative agreement with
previously published observations of the grating kinetics.
A guantitative comparison with these earlier data is not pos-
sible since they were not reported as refractive-index
changes.

Refractive Index Contrast (107)

V. SUMMARY

Time (Min)

It has been shown that the kinetics of the persistent grat-

FIG. 5. Two write-block-erase cycles for sample B9 under theings in rare-earth-sensitized silicate glasses are well ac-
same conditions as in Fig. 3 for sample B10. counted for by long-range diffusion of small modifiers me-
diated by the hot-phonon field resulting from nonradiative

sized that the curve shown in Fig. 5 has omipe free  decay of the rare-earth sensitizers. The refractive-index con-

parameter—the strength of the transigambportional toR% ).~ trast is due to the resulting modulation of the modifier con-
The agreement between model and experiment speaks féentration. This model is suggestive of ways in which the

itself. Fitting parameters for the data in Figs. 4 and 5 argPhotorefractive efficiencies of these glasses might be im-
displayed in Table I. proved through the increase of weakly bound modifiers or by

Although the model has been formulated to include spacethe introduction of larger modifiers that tend to stretch the
charge effects, an interesting feature of the fitting parameter@lass network.
is that the charge for the mobile modifigrshere taken to be
zero, must be_ much smaller than thg elementary charge. Thls ACKNOWLEDGMENTS
is because it is necessary to neutralize the space-charge field
in order to obtain the observed grating strength and kinetic It is a pleasure to thank L. Pierre de Rochemont for sup-
behavior. The choice af=0 does not necessarily imply that plying the samples used in this study. This material is based
the mobile modifiers are uncharged in their native stateon work supported in part by the U.S. Army Research Office
There may be electrons in deep-donor states that can be emnder Grant No. DAAH04-96-1-0322 and the National Sci-
cited into the conduction band by 465-nm light. A possibleence Foundation under Grant No. DMR-9705284.
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