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Persistent spectral hole burning of sol-gel-derived Etf-doped SiO, glass
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Persistent spectral hole burniffSHB was observed at temperatures higher than 77 K in the sol-gel-
derived Ed*-doped SiQ glasses. 1E;-99Si0, (mole ratig glass was prepared by heating gel synthesized
from metal alkoxides at 400 to 1000 °C. The hole was burned il fhe-°D, line of EL*" ions by means of
a Rhodamine 6G dye laser at 77 K and the burnt hole depth was measured as a function of temperature. The
hole depth increased with increasing OH content in the glass. It was found that the hole burnt at 77 K was
thermally filled and an average thermal barrier height for the hole filling w@s8 eV, which was higher for
the glass heated at high temperature, indicating that the stable hole is burned with the increased heat-treatment
temperature. It was concluded that the PSHB was formed by the optically activated rearrangement of proton in
the first coordinating sphere of the Euions.
[S0163-18297)52046-1

Persistent spectral hole burnii®SHB glasses doped A detailed explanation of gel preparation is given
with organic dye molecules and rare-earth ions have attracteglsewheré’ The gel was heated in air at 50 °C/h to a given
significant attention, because they have a large potential for @mperature of 400—1000 °C, where it was held for 2 h. The
high-density frequency-domain optical data storigeFor  synthesized gel is porous, containing a large amount of water
this purpose, high-temperature PSHB and a stable hole aircorporated during synthesis. When heated, the gel trans-
expected. Room-temperature PSHB has been observed farms into glass according to a dehydration and polyconden-
Snt*-doped crystafs’” and glasse$.Among them, glasses sation reaction. In the fluorescence spectra of glasses using a
are considered to be more favorable than single crystals, b&63-nm excitation wavelength of a Xe lamp, four lines are
cause of their wide inhomogeneous width and easy massbserved a 580, 590, 615, and 650 nm in the visible wave-
production. When the glass is melted, the *Snions are length region, all of which are attributed to the
incorporated as the trivalent state. To reduce thé'Sions, ~ °Do—'F; (j_01.3) transitions, respectively, of the Eu
it is necessary to melt the glass under a strong reducingns. The fluorescence spectrum of glass heated at 500 °C
atmospheré-1° The residue of the St ions lowers the had weak intensity, which increased with the increased tem-
efficiency of hole burning. For the Bi-doped glasses long- perature and at 1000 °C reached an intensity higher than four
lived holes have been observed at liquid heliumtimes that at 500 °Qas will be shown in Fig. 2 This weak-
temperaturé!~*3To date, however, no one has succeeded irened fluorescence at low temperatures is due to the OH con-
the preparation of the Bti-doped glasses exhibiting PSHB centration quenchint'® The presence of OH groups in the
at high temperature. We have been conducting a study of thiirst coordination sphere of Bti ions provides an effective
preparation of the PSHB glasses by use of a sol-gepathway for the radiationless dexcitation via energy transfer
method**~'® and recently succeeded in preparing’Eion-  to OH vibration, which results in quenching the fluorescence.
doped silica glass exhibiting PSHB up to 130-kSince the  Heating causes the glass to lose the OH groups in response to
Eu**-doped glasses are obtained without heating in reducing dehydration-condensation reaction, resulting in the forma-
atmosphere, it thus becomes possible to extend the studipn of the EG" ions embedded in the glass network.
beyond the limitation of the Sfi-doped glasses. Further,  Hole-burning experiments were done on the excitation
the EG"-doped silica glasses have proven useful for a pracspectrum of the’F,— °D,, transition of the E&" ions. Holes
tical system in connection with the optical silica glass fiberswere burned by irradiating a tunable cw “Aion-laser-

Our EUv*-doped silica glasses, prepared by heating thgoumped Rhodamine 6G dye laser with a linewidth~ef.0
gels up to 900 °C, exhibited the hole with the width andcm™! full width at half maximum(FWHM) and a power of
depth of~2 cm™* and ~15%, respectively, at 77 K. The ~ 20—300 mW/mrhfor 30 min. Hole spectra were recorded by
mechanism for hole burning was not clear at that timescanning the dye laser from 17 150 to 17 550 ¢rwhile
though it suggested that the residual water in glass affects thmonitoring the fluorescence of theD,— ’F, transition at
hole burning. The search for hole burning in the’Ewdloped 16 230 cmL. The laser power for scanning was already at-
glasses is necessary for both the understanding of the mech&nuated by neutral-density filters to less than 0.2% of that
nism of hole burning and the development of glasses exhibfor burning. Figure 1 shows a typical hole spectrum of glass
iting PSHB at high temperature. heated at 800 °C. A hole is clearly seen at the wave number

In this paper, we demonstrate how the hydroxyl groupsof 17 287 cmi®. The hole width and depth are2 cm * and
surrounding the Bl ions contribute to the hole burning, and ~10%, respectively. The hole depth, which is defined as the
discuss the thermal stability of the burnt hole from the holeintensity ratio to the total fluorescence intensity and is nor-
refilling experiments. 1E0;-99Si0, (mole ratig glass was malized to the intensity before burning at the burning wave
prepared by the hydrolysis of @C,Hs), and EuC}-6H,O.  number, increases with burning time up to about 10% within
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FIG. 1. Hole spectrum, measured at 77 K, of Euloped SiQ
glass prepared by the sol-gel method after burning with a
Rhodamine 6G dye laser with a power of 100 mW/frah 17 287
cm . The inset shows the hole depth burned as a function of burn-
ing time, where the depth was normalized to the excitation intensity
before burning. Another inset shows the hole spectra, measured at
77 K, after cycling through the temperature shown in the figure.
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a few hundred second@set of Fig. 2. The hole depth lin-
early increased with the power of the laser and reached
~10% at 150 mw/mrh Antiholes were not observed near  FiG. 3. Hole and infrared absorption spectra of glass heated at
the holes. The hole burning experiments were done fogoo °C for 2 h inair, followed by heating for 5 and 10 h in vacuum.
glasses heated at 400-1000°C with a power of 10Qhe inset shows the deconvolution of the spectfain

mW/mn? at 77 K, the depths of which are plotted in Fig. 2 i

as a function of heat-treatment temperature. It is evident tha/@S not burned for the glass heated above 1000 °C. In Fig. 2,

. e 7 -y
the hole depth decreased with increasing temperature arife fluorescence intensities of th®,—'F, transition are
also plotted as a function of heat-treatment temperature: the

. , . , . . dependence of the fluorescence intensity on temperature is in
contrast to that of the hole depth. The increase in the fluo-
L ~ rescence intensity with the increased temperature is due to
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_ the reduction of the OH groups around the’Eipons. Thus,
2 . é\§ these experimental results indicate that the hole burning is
R \é related with the residual OH groups in the glass.
s § To study the effect of OH groups on the hole burning, the
s S5t glasses were heated at 800 °C in air and vacuum, the PSHB
* and infrared(IR) absorption spectra of which are shown in

0 O Fig. 3. It is apparent that the hole burnt in glass heated for a

long time decreases in depth and no hole is burned after 10 h.
The IR spectrum of glass heated at 800 °C in air has two
absorption bands at 3650 and 3400 ¢émwhich are both
-11.0 assigned to the fundamental OH stretching. The position of
i the OH-absorption bands depends on the degree of associa-
tion to neighboring oxygen through hydrogen bonding. The
708 bands shift to low wave numbers with increasing strength of
8 hydrogen bonding® The IR spectrum for Sigglass contain-
' ' ' ‘ ! 0 ing no EyO5, measured for comparison, had a sharp absorp-
400 600 800 1000 tion band at 3650 cm. This band is assigned to the
Temperature (°C) K . .. -
hydrogen-bonding free OH groups in the rigid silica network
FIG. 2. Hole depth and fluorescence intensity as a function ostructure?! Compared with the Si©glass, the presence of
heat-treatment temperature of glass. The fluorescence intensity is gtodifier ions such as alkali and alkaline earth in silicate
the °Dy— ’F, transition and normalized to unity for glass heated atglasses leads to the formation of broad bands at low wave
1000 °C. number regiond? The broad band at 3400 cthshown in

Fluorescence intensity (Arb. units)
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FIG. 4. Hole depth as a function of absorption coefficient of Py V,=0.327eV
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the E¢*-doped glass, therefore, can be attributed to the OH T
groups bound with the Eii ions through hydrogen bonding. % 0.4
As shown in Fig. 3, the IR spectra preferentially decreased in E
the intensity of the 3400 cnt band during heating in 2 02
vacuum, which were deconvoluted into two bands at 3650 0.0 . )
and 3400 cm! using a Gaussian function and the result for 50 100 150 200 250
glass heated in air was shown in the inset of Fig. 3. Among Temperature (K)

the deconvoluted bands, the absorption coefficient of the

3400 cni! band decreases with increasing the heat-treatmen FIG. 5. Hole area as a function of cycling temperature of glass
time. that is. 41. 11. and 2 chfor 0. 5. and 10 h respec- obtained by heating at 500 and 800 °C. The solid curves indicate a

tively. On the other hand, the absorption coefficient of theflt to data based on a Gaussian distribution function.

3650 cm ' band is insensitive to the time and constant atcover to the unburnt state. The PSHB spectra, recorded after
20-28 cmL. These experimental results indicate that the OHcycling up to 160 K, of glass heated at 800 °C are shown in
groups bound with EUf ions are preferentially liberated dur- the inset of Fig. 1. The hole area that remains after this
ing heating. The absorption coefficient of these bands is #hermal cycle is normalized to unity at 77 K and plotted in
measure of the concentration of OH groups, although th¢sig. 5 as a function of temperature. It is obvious that the hole
extinction coefficient of these OH bonds is not determined INgrea decreases as the temperature increases. The fraction of
this study. Figure 4 shows the relation between the holg¢he remaining holeF, is a measure of the fraction of the

depth and the absorption coefficient of the 3400 éiband,  photoproducts whose activation barriers are greater than a
satisfying the linear relation between two values. This indi-critical barrier heightV, and given b§~2°

cates that the presence of OH groups bound with th& Eu
ions is essential for the hole burning of the sol-gel-derived
Eu*"-doped glasses. We propose that the hole is formed by
the concerted action of OH bonds in the first coordination )
sphere surrounding the Euion. When the sample is irradi- WhereRy is the attempt frequency of protons ands the
ated with the high power laser, a proton in the EUOH bonddolding time at a certain cycling temperatdfg,, Assuming
changes its position to form a different bonding feature. Thehat the barrier height follows a Gaussian distributig(y)
rearrangement of proton in the EuOH bonds results in théS written as
hole burning. This burning mechanism is considered to be _ 2\ —1/2 2.5 2
different from that of the SAT ions, where the photoioniza- 9(V)=(2ma”) ex —(V=Vo)*/207], )
tion of Snf" into Sn?" by laser irradiation is the main with a central barrier height, and the widtho. A fit of the
reaction®?® data using Eq(1) for both glasses is shown by solid curves
The stability of the holes depends on the recovery of thén Fig. 5, where the fitting parameters avg=0.27 eV,
proton configuration from the burnt state to the unburnt statec=0.051 eV andV,=0.33 eV, 0=0.098 eV for glasses
Assuming a thermally activated recovery process, the optiheated at 500 and 800 °C, respectively. The obtaWgdal-
cally activated state relaxes across the activation barrier taes are smaller than that required for the dissociation of pro-
the unburnt configuration state. To investigate the thermation from the EuOH bonds which is estimated-a% eV or
stability of the hole, the thermal hole-erasure measurementarger from the measurement of proton conductivity of
were performed for the glasses obtained by heating at 50§lasse$! Therefore it is considered that the hole burning is
and 800 °C. A hole was formed at 77 K, at which the holecaused not by the dissociation of proton but by the optically
area was measured. After cycling through a certain temperactivated rearrangement of position of protons in the Eu-O
ture higher than 77 K, the area was again measured at 77 Kolyhedral. It is worth stressing that th&, value for glass
During this process, all the products with barriers lower tharheated at high temperature is larger than that heated at low
the activation barrier corresponding to that temperature retemperature. This finding is good guidance for the develop-

KTmaxn(Rgt)
FF=1— f

g(V)dv, @
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ment of the glasses exhibiting PSHB at high temperaturecreases with the increase of OH content. The sol-gel method
However, it should be noted that the hole depth declines witlis appropriate to prepare the PSHB glasses because of its

this increased heat-treatment temperature.
We conclude that the hole burning in the *Eedoped

possibility to contain a large amount of OH bonds.

glass is caused by the photoactivated rearrangement of pro-

tons in the first coordinating sphere of Euons. The burnt
state has an activation barrier height-e0.3 eV higher than
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