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Energy migration of the local excitation at the Eu 37 site in a Eu-O
chemical cluster in sol-gel derived SIO  ,:Eu®* glasses
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By using the fluorescence line-narrowing technigue, we observed a broad fluorescence band in the
vicinity of a resonant line of théD,— ’F, transition in an E&"-doped SiQ glass synthesized by

a sol-gel process. The comparison with a similar line in 044 SiO,:EL®* sol-gel glass revealed

the existence of a chemical cluster of*twand G in the tetrahedral SiQnetwork. The broad
fluorescence band was attributable to an energy migration among the iBos for the
site-selectively received excitation energy. Also, based on Yokota—Tanimoto’s energy diffusion
model, the fluorescence decay curves fortg— ’F, transition were closely correlated with the
energy migration and gel—glass transformation. The gel-shrinkage and reduced interatomic distance
between E&i" ions due to a thermal treatment at higher temperature definitely resulted in a decrease
in the associated lifetime of the initial decay. )01 American Institute of Physics.
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I. INTRODUCTION ions or molecules. AG has estimated that a recording den-
sity of 1P bits/cnf could be realized on a conventional com-
Rare-earth doped glasses have attracted attention bgact disk. This is just a three-dimensional data-storage in-
cause of their optical properties such as laser oscillation, cluding a frequency domain in addition to spatial two
up-conversio, Faraday rotatiofi,” and persistent spectral dimensions. Various types of $mdoped glasses have been
hole burning (PSHB.*~*° These properties are a conse- synthesized as PSHB materidfsThe main mechanism is
quence of 4 electrons being shielded by thes,5p outer  pelieved to be the photoionization of 3frto Sn#* at room
shells. The advantages in the utilization of a glass as a ho%émperature. The processes for data-writing on absorption
material are its transparency, easy shape-forming, econor‘nfi';-pectra were developed in such a way for two photon gate
cal productivity, and a high incorporation density of rare-\riting'’ or holography?
earth ions. Moreover, the manipulation of glass compositions Recently, Nogamét al. have succeeded in synthesizing
can bring out the aforementioned functionalities for each apgP*-doped PSHB silic® and aluminosilica® glasses us-
plication. Further development of such functional glasses 'ehg a sol-gel process. The new PSHB materials have the
quires detailed microscopic information, especially on the,qyantage that the reduction process for the valence states of
local st_ructures around the rare-earth ions. Known as a highzre_earth ions is not necessary, thus simplifying the synthe-
resolution spectroscopy, a spectral hole burning method hags process. He also reported curious line-narrowing spectra
been mtenswely_apphed in ?zrder to investigate local strucy the Dy ’F, emissions in the sol-gel derived SIG*
tures around optical centets! _ _ glass, the splitting of which appeared to be independent of
The formation of a spectral hole in a PSHB materialiq excitation energy. Similar findings of rare-earth fluores-
containing rare-earth ions is accomplished by the foIIowmgCence were reported by several researcHe?&The sol-gel
two processes: a Iocl:all excitation at a rare—garth site by highs‘ynthesis gives us an advantageous way to induce novel
densified laser irradiation, and the generation of a *hole” atynctionalities for optical materials. However, it is still not

the corresponding frequency in the absorption Spectrumy|ayified what structures the resultant materials have and how
which is inhomogeneously broadened by structural fluctuagyey are interconnected with their optical functionalities.
tions. The observation of PSHB due to rare-earth ions was Hereafter, we noted the photoluminescence of

first reported by Jaaniso and Billwho observed the persis- 98Si0,— 2Eu,0; glasses prepared by a sol-gel method. The

tence of a spectral hole at room temperature iNgica) data storage in the 98SIO2EWLO; glasses heated at

SrFCh Bros: S Hi+rao etal®® reported the persistent gngoc for 2 h in aircould be accomplished above 77 K; the
hole-burning in SrA*-doped tl)orat.e and fluorohafnate pqq depth was-10% and the hole width was2 cm™ at 77
glasses. Stibsequently, Noqéf'nobtamed PSHB observa-  \yhen laser irradiation was 0.1 kW/énfor 30 min. The
tions in Sn¥"-doped AbO;—SIO; glasses produced by a sol- gpaciral hole burnt at 77 K was persistent up-th50 K 1923
gel method. From a practical point of view, PSHB is benefi-riq article will show experimental evidence for the exis-
cial to high density data storage: One bit of datum is writtenanece of a europium—oxide chemical cluster in the ,SiO
as a “hole” in an absorption spectrum of optically activated glass, causing an energy migration among thé*Esites.

Localized energy or excitation propagated in disordered ma-
dElectronic mail: hayatomo@mse.nitech.ac.jp terials has created many arguments since Anderson’s ffaper.
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FIG. 1. Experimental setup for the measurement of the fluorescence aroury(yas then processed and recorded by a lock-in ampllfler con-

a resonant line of théD ,—’F transition in EG*-doped glasses. trolled by a personal computer.
We also measured the decay curves of tbg— 'F,

. . . o . fluorescence after a pulsed excitation to thg level with a
Chemical clustering of optical species in glasses might prorhodamine 6G dye laser pumped by alBser(Laser Pho-
vide an ideal system for the investigation of Anderson’s op+onics, Inc., LN203C: pulse width-1 ng. The fluorescence

tical mobility edge?®*’ was led to a monochromator through an optical fiber and
detected by an image-intensified charge-coupled device
Il. EXPERIMENT (ICCD) camera(Oriel Instruments, InstaSpec™V system

We prepared three types of 98SIREWO; glasses by The exposure time of the ICCD camera was fixed aju$0
calcining dry gels with the same composition in order to The delay time for the ICCD gate pulse was controlled from
examine the influence of glass structures on the fluorescen@ 0 3000us. The measurement of the fluorescence decay
properties of E&". The sample preparation of the Was performed at room temperature.
98Si0,—2Eup0; gels was described elsewhéfe.The
samples denoted as A800 and A1000 were heated at 800 ang_ RESULTS
1000 °C fa 2 h in air, respectively. The AV800 sample was
heated at 800 °C fa2 h in air andsubsequently at 800 °C for The fluorescence line-narrowin@LN) technique is a
2 h in a vacuum. Raman spectroscopy was employed to diggowerful tool to obtain information on local structures
tinguish the glass structures using a confocal type of Ramaaround rare-earth ions in glasses and thus there has been an
microprobe optics with a backscattering geom&tiSCO, enormous number of investigations on rare-earth optics using
NRS-2000. The magnification of the objective lens in the the FLN techniqué®=32Some of the results in our FLN mea-
microscope component was20. The excitation source used surements are exemplified in Fig. 2. Generallp,— 'F,
in the Raman observation was the green (5&4.5 nm of  emission lines are split into three components due to local
an Ar' laser(NEC, GLS3280 with power of about 30 mW. fields around Eti" and their separations depend on the en-

The fluorescence spectra were obtained using a tunabkrgy for the direct excitation from thé, ground level to the
dye laserRhodamine 6G: 566—640 prpumped by an At °D, excited level. However, the splittings in the investigated
laser(Coherent, Innova 70The dye laser could excite Eu  SiO,:Eu*" glasses appear to be independent of the variation
ions within the inhomogeneous absorption width of fg in the excitation energy, as shown in FigaR Even a 0.5-5
—5D,, transition. The experimental setup is shown in Fig. 1.wt% concentration of EyD; in SiO, glasses showed a simi-

A double chopper was used for measuring the resonant fludar behavior in each of the FLN spectra. This curious behav-
rescence of théD,— 'F, transition. Special attention was ior can be understood by comparing the results for a sol-gel
paid to the optical alignment so as to insure that no scatterederived ALO;—SiO,:EW®* glass[see Fig. 20)], where en-
light disturbed the measurement of the resonant fluorescen&sgy separations increase with an increase in the excitation
of E®* ions. Also, the output power of the dye laser wasenergy. The main difference between the SEM*' and
checked to be always invariable. The studies were carried outl ,0;—SiO,:EL?* glasses is the solubility of the europium
over the range of 77—-300 K. Since the lifetime of thz, ions in each of the glass matrices. It should be noted that
level was on the order of IGs, the speed of the rotated SiO, glass has a rigid three-dimensional $i@etwork that
chopper windows was appropriately controlled so as to prolimits the solubility of EG*. This was also supported by the
duce the fluorescence within 0.2—2.0 ms immediately afteconcentration quenching of fluorescence in the ,SED*"

the excitation light was mechanically chopped. The fluoresglass due to the ion—ion interaction betweer?Eions. On
cence was analyzed by a monochromasprectral resolution the other hand, in the AD;—SiO,:EW®" glass, as the con-
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FIG. 3. The fluorescence spectra around a resonant line ofipe: 'F,
transition in the SiQ:EW*" (98Si0,—2Ew0,, 800 °C for 2 h inair; sample
A800) for each excitation energy at 77 K. The arrows in the figure show the
excitation position.

Fluorescence Intensity [a.u.]

300K T
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centration of the AJO; content increased, Bl ions were Wavenumber[cm]
well dispersed in the glass matrix so that the*Etluores-
cence was intensifie:ﬁ‘. FIG. 5. Temperature-dependence of the broadband around a resonant line of

e °Dy— ’F, transition for(a) sample A800 andb) A1000. The arrow in

Figure 3 shows the fluorescence spectra of sample ASOEEe figure stands for the excitation location.

in the vicinity of a resonant line of theD,— ’F transition

at 77 K. The arrows indicate the location of the resonant
lines. Here we see a broad fluorescence band centered at

17260 cmit other than the resonant peak on each spectrurrpa”d is capable of being excited with the lower photon en-
Surprisingly, the shape and peak position of the broadban@Igy than its peak energit7 260 cm™). In Fig. 4 we depict

are not influenced by the excitation energy, and the broadh€ peak intensity of the broadband as a function of the ex-
citation energy, which clearly showed the energy structure of

a trivalent europium ion as well as the thermal excitation of
Eu®* ions at room temperature. Additionally, as the tempera-

8 T T T T T T T 1 T 17
. TR - ) ture increases, the peak position shifts to the higher energy
Coe RT e side and the intensity of the resonant fluorescence concur-
— 6F " =22 e rently decreasefFig. 5(@)]. These experimental results lead
f’é g:: us to the conclusion that the energy migration among'Eu
@ o ions takes place with the assistance of phonon energy and
% 4r By D, Eraiion Ereray forl. ] that the §ha}pe pf the broadba:_)nd will apprpach the inhomoge-
s Tt neous distribution of théF,—°D, energy |n.th.e glass. th
£ =0 only sample A1000 but also AV800 has a similar band with-
2 'F+~'D, 7 out the resonant line as depicted in Figh)s and its tem-
perature dependence is the same as that of sample A800.
oL of ., " S-o-¢ . Figure 6 shows decay curves of thB,— 'F, fluores-
17600 17400 17200 17000 16800 16600 cence for the pulsed excitation to tﬁ@o level by the
Excitation Energy [cm™] Rhodamine 6G dye laser, which were monitored as time evo-

lutions of the®D, population. According to the diffusion
FIG. 4. Excitation spectra of the broad fluorescence band in themode| of the excitation energy by Yokota and Tanim%f‘ta,
98Si0—2Euy,0; glass prepared by the sol-gel method. Insertion shows the . . .
excitation spectrum of théDy,—'F, fluorescence in the gel derived donor f-Iuorescence In energy migration should decay no_n?X_
AlLO,—SiO,:EW?* glass. It can also be seen that thé'Eions are thermally ~ Ponentially. The donor fluorescence of sample A800 exhibits

excited to the'F, , 5 levels at room temperature. a slightly nonexponential decay, while the enhanced nonex-
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L ! | u
1200 1000 800 600 400

Raman Shift [cm]

ponential decay is obtained with sample A1000. NevertheFIG. 7. Raman spectra of 98SIEREW,0; glasses prepared by the sol-gel
, R =S PIs e
less, the fluorescence of sample AV800 decays single expdrethod. The Raman peaks at 405 ¢rfSi—O—Sibending, 800 cm * (Si-

nentially. Although both samples A1000 and AV800 had aQ—Si symmetric stretchingand 1086 cm? (Si—-O—Siasymmetric stretch-

. 7 . o ing) are clearly seerfsee Ref. 35 The 606 and 485 cfit Raman peaks
broadband without théD,— 'F, resonant line, their diffu- correspond to the breathing mode of the planar threefold and fourfold rings,
sive behavior of théD, excitation energy is quite different. respectivelysee Refs. 36 and 37The peak at 980 cit is attributed to the
There must be intrinsic differences between samples A100yPration of Si-OH(see Ref. 38

and AV800. It is noted that since the time evolutions after 2

ms are almost the same in all the samples, the initial decaylﬁvestigated by several authors. Aetial2® showed that the
must yield essential information on thg diffusi(m n_1igra- codopant formed a solvation shell surrounding*Nibns to
tion) processes. The double exponential analysis is SUMMay;,q,ce a high solubility of the rare-earth ions. Nogami and
rized in Table I, and its fitting results are also depicted in Fig.ppe3 suggested that an europium ion was preferentially co-

6. Baking of the dry gel at higher temperature produces rdinated with a tetrahedral (A" unit in AlLOs—SiO,

reduced lifetime of the initial decay. On the other hand, theglasses derived via the sol-gel route. Lad%k@ported that

initial decay disappears when the obtained glass is subSge rgle of rare-earth ions as a network modifier in Siglt
quently heated in a vacuum.

We also measured the Raman spectra of these samples to
investigate their glass structures, which are depicted in Fig. I

7. The peak assignment is given in the capfiori® The
main structural distinctions are identified by the existence of
planar threefold or fourfold rings in 606 or 485 cfn The
peak at 980 cmt is attributed to the vibration of Si—OH.

AI203-Si02:Eu3” glass (700°C/2h in air)
77K

IV. DISCUSSION

In the 10AL05;—90SiG 15 wt % EwO5 glass as depicted
in Fig. 8, no prominent broadband in the vicinity of the i LA,
5Dy ’F, resonant line was observed. The Al-codoping ef- ! XX - 17200
fect on the rare-earth ions embedded in a Si@trix was r '

Intensity [a.u.]

It

TABLE |. Fitting parameters in the double exponential analysis for the 17 17500 Eéﬁ'é?t'on
time-evolutions oD, donor fluorescence under investigation. [crrg¥]
3 17200
Sample 1 (1) 7, (M9 Wavenumber [cm™'] 17100
A800 41536 1.23+0.05 FIG. 8. The fluorescence spectra around a resonant line oiige> 'Fq
A1000 1383 1.21+0.02 transition in the AJO,—SiO,:EL®* (10Al,0,—90SiQ,:5 wt %EW0s, 700 °C
AV800 1.77-0.04 for 2 h in aip for each excitation energy at 77 K. The arrows in the figure

denote the excitation position.
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glasses was due to the lower electronegativity versus Si
Considering the experimental results obtained in this study, it path A
is natural to infer that the structural role of rare-earth ions in e.d. e.d.
the sol-gel derived Sigglasses is quite different from that in d ~a
the melt-quenched Silasses, and that the FLN spectra is @
explained by the existence of an aggregation of Eand e_d/ 6.0
0?7, or an Eu—-O chemical cluster, in the Si@lass. The o \ o
strong interactions between £uions in such an Eu-O Excitation
chemical cluster, even though the excitation energy was firs — > _Eesonant @
received by a specific Bti ion with line-narrowed irradia- \ Fluorescence
tion, results in energy migration among the’Etsites with .d.
the aid of phonon energy. D ~a

Yokota and Tanimot# introduced the basic equation for path B d —-
a coexisting system of donor—don@mergy migratiohand e.a. Fluorescence

donor—acceptofenergy trap transfers with the concept of a

“scattering length method” and provided insight into the — ; ;
process. Hubeet al*! studied the diffusion process using a e.d. energy diffusion
fundamental theory based on the microscopic rate equation €.C. = energy Capture

The asymptotic behavior of the t_lme_ evolution of the donorFIG. 9. Two path model for the diffusion process; in paths A and B the
fluorescence for a pU|Sed excitation Is eXpressed as an eXpQ”Tergy diffusion takes place as a sequence of phonon-assisted energy trans-

nential function of time with a characteristic lifetime. fer. The terminal in path A is an energy trap centenergy acceptor, A
while the energy during migration in path B is emitted as a broadband
=7+ 1/1p, (1)  fluorescence.

where 1k is the intrinsic decay rate of the donor level in its
isolated system, and 44 is the decay rate due to diffusion
when the donor—acceptor interactidth(rp—r,) arises
from a dipole—dipole coupling and is in the form 6f(rp  rived glasses containing Buions, and proposed a mecha-
—rn)°, nism for the spectral hole burning as an optically induced
_ structural displacement of hydroxyl groups coordinated to
/75=47NaDp, @ Eu®* ions. Since no spectral holes in both A1000 and AV800
where D is the diffusion constant andll, is the acceptor were found, the decrease in Si—OH vibration found in the
concentrationp is a length defined by=0.68(C/D)Y*. It Raman observation is consistent with Nogami’'s suggestion.
can be seen from the above expressions that as the concéfie Raman peaks at 485 and 606 ¢rorrespond to incom-
tration of energy trapN, or the diffusion constanD in-  plete structures in the Si—O network. The additional anneal-
creases, the lifetime of the donor fluorescence is reduceithg of the SiQ glass(A800) in a vacuum produced more
(such as was experimentally obtained in thé EuCr** sys-  threefold ring structures in the resultant glé&g800). Since
tem by Webel?). Concurrently, it is clearly shown that if the the first decay of the donor fluorescence for fiig, level
acceptor concentration is significantly low enough to be consuggested the presence of defect centers acting as energy
sidered negligible, the decay of the donor fluorescence itraps (compare the decay curves of A8B00 and A1000 with
energy migrations for the donor—donor system is invariablghat of AV800 in Fig. 6, the annealing in a vacuum might
so as to be characterized only by. convert such defects into threefold rings. Yet, it is certain that
The thermal treatment at higher temperature in air rethe defect centers of energy traps in the S@lass are not
sulted in the removal of hydroxyl groups and the densificanecessarily associated only with the threefold or fourfold
tion of the gel-glass. The shortening of the first fluorescenceings observed in the Raman spectra as Galeener
decay for theD,— F, transition in sample A1000 is attrib- suggested’
utable to the densification of the gel-glass matrix. As aresult, From the above discussion it is concluded that two en-
the distance between the Euions was reduced so that the ergy paths for the energy migration should be taken into
energy migration process was enhanced. No observation @bnsideration to explain the obtained double exponential de-
the resonance line in sample A1000 as shown in Fig) 5 cays for the donor3D,) fluorescencesee Fig. 9. One is
gives additional evidence for the extended energy migrationbuilt up by the donor—donor energy migration and subse-
If we assume that the number of energy trégswas not a quent energy trap for a donor—acceptor gaath A), while
function of the temperature for annealing, the diffusion co-the other is the donor—donor migration followed by sponta-
efficient D in sample A1000 would be approximately three neous emissioripath B producing the broad fluorescence
times greater than in sample A8(Q€ee Table )l It can also  band in the vicinity of the resonance line. Samples A1000
be seen that the peak at 980 cthnwas less obvious in and AV800 exhibited the extended energy migration due to
samples A1000 and AV800 than in sample A800, indicatingthe reduction of the Eli —Eu** distance with the gel shrink-
the removal of hydroxyl groups from the Si@el. Nogami  age. However, the termination of the energy diffusion in path
et al*® reported a significant correlation of the burnt hole A vanished for sample AV800, resulting in the single expo-
depth with the content of hydroxyl groups in the sol-gel de-nential decay for théD, fluorescence as shown in Fig. 6.
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