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Room-temperature photochemical hole burning in Eu 31-doped
Al2O3– SiO2 glass

Masayuki Nogami,a) Tomokatsu Hayakawa, and Tomotaka Ishikawa
Department of Materials Science and Technology, Nagoya Institute of Technology, Showa Nagoya,
466-8555 Japan

~Received 16 August 1999; accepted for publication 17 September 1999!

Persistent spectral hole burning was observed at room temperature in Eu31-doped Al2O3– SiO2

glass. The glass was obtained by heating in hydrogen gas to reduce some Eu31 ions to Eu21 and the
spectral hole was burned in the excitation spectrum of the7F0→5D0 transition of Eu31. The depth
of the hole burned at 200 K was;7% of the total excitation intensity and independent of
temperature up to 350 K. A possible mechanism for hole burning is the electron transfer between the
Eu31 ions and the Al-related defect centers. ©1999 American Institute of Physics.
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The persistent spectral hole-burning~PSHB! phenom-
enon of rare-earth ions has attracted significant attention,
cause of its high potential use in high-density frequen
domain optical memories.1 For this purpose, high hole
burning efficiency at high temperature is required, but
most rare-earth ion, PSHB is limited to low temperature
ing liquid helium. Sm21 and Eu31 ions are special case
favorable to high temperature PSHB. Room-temperat
PSHB was first observed in a Sm21:BaClF crystal.2 Re-
cently, we succeeded in preparing Sm21-doped silicate
glasses by a sol-gel method and observed PSHB at r
temperature.3 As a host material, glasses are thought to
more favorable than crystals because of their wide inhom
geneous linewidth, high transparency, and easy mass pro
tion. In addition, we prepared the Eu31-doped silicate glasse
exhibiting holes with a depth of;40% at 77 K.4,5 The depth
of the holes burned in the Eu31-doped glass decreased as t
temperature increased and was erased above;200 K.

The Eu31 ion has a 4f 6 electron configuration, which is
the same as that of the Sm21. In view of this configuration,
we can expect room-temperature PSHB in the Eu31 ions. In
this letter, we demonstrate the preparation of the Eu31-doped
glass exhibiting PSHB at room temperature and discuss
hole burning mechanism. Recently, Fujitaet al. reported a
persistent spectral hole burning at room temperature in
Eu31-doped glass melted under a reducing atmosphere6 In
our experiment, the Eu31 ions are doped in the Al2O3– SiO2

glass, the same as that of the Sm21 ions, which is appropriate
for discussing the hole-burning mechanism.

1Al2O3•9SiO2 ~mole ratio! glass containing 10 wt %
Eu2O3 was prepared by the sol-gel method. A detailed exp
nation of gel preparation is given elsewhere.4,5 The gel was
heated in air at 800 °C, followed by heating in air at 800
for 1 h, then heated at 800 °C for 30 min under a flowi
mixed gas with 20% H2– 80%N2. The resultant glass ha
optical properties characteristic of both the Eu31 and Eu21

ions, i.e., sharpf – f transition-bands of the Eu31 ions and
broad f–d transitions bands of the Eu21 ions. The fluores-
cence intensity of the Eu31 ions was reduced to about on
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third its initial intensity before heating in the H2– N2 gas.
Eu31-doped SiO2 glass was also heated in H2– N2 gas to
partially reduce the Eu31 ions into Eu21. Holes were burned
in the 7F0→5D0 line of the Eu31 ion by continuous wave
Ar1-ion-laser pumped Rhodamine 6G dye laser with a l
width of ;1 cm21 full width at half maximum~FWHM! and
a power of 300 mW for 30 min. Hole spectra were record
by scanning the dye laser from 17 500 to 17 200 cm21 while
monitoring the fluorescence of the5D0→7F2 transition at
17 307 cm21. The laser power for scanning was attenua
by neutral-density filters to less than 0.2% of that for bu
ing.

A typical PSHB spectrum burned at 7 K is shown as
curve ~a! in Fig. 1. The width and depth of the burned ho
are 2.7 cm21 FWHM and 28% of the total fluorescence in
tensity at the burning wave number, respectively. The th
mal stability of the burned hole is examined from th
temperature-dependent hole-erasure measurement. A
was burned at 7 K, and the PSHB spectrum was measu
After cycling through a temperature higher than 7 K, t
spectrum was again measured at 7 K. During this proc
the hole is partially filled. Shown in Fig. 1 are the PSH
spectra after cycling up to 300 K. Note that the hole
clearly observed after cycling through 300 K. The ho
depths are plotted in Fig. 2 as a function of the cycling te
perature. It is evident that the hole depth is almost indep
dent of temperature above 150 K and;5% at 300 K, though
it decreases rapidly at temperatures below 150 K. We
ported previously that the hole is formed by the rearran
ment of OH bonds surrounding the Eu31 ions in the sol-gel
derived glasses.4,5 The burned hole is thermally filled an
erased at;150 K. The optical activated rearrangement
these OH bonds contribute to the hole formation at 7 K. T
thermally filling data in the temperature below 150 K we
fitted using a Gaussian distribution equation to be;0.3 eV
as the barrier height, which is compared to that for the h
burned in the glass heated in air. This result again indica
that the barrier height for the rearrangement of the OH bo
is too low for holes to persistently exist at room temperatu
The hole was burned at 200 K to avoid the effect of the O
bonds on the hole formation, the depth of which is also pl
2 © 1999 American Institute of Physics
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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ted in the figure as a function of the cycling temperature.
decrease is observed in the hole depth up to 300 K.

We next consider the formation of the hole observa
up to room temperature. The present glass is prepared
heating in hydrogen gas to reduce some Eu31 ions to Eu21.
For the other method, Fujita et al. melted the
Na2O–Al2O3– SiO2 glasses using a carbon crucible and h
drogen gas and observed the long-lived hole spectra of
Eu31 at room temperature.6 They considered that the hole
formed by the photoinduced reduction of Eu31 ions and the
released holes are captured in Eu21 ions, although no experi
mental evidence for this is given. To study whether the E21

ions act as the positive hole center, SiO2 glass was prepare
for doping the Eu31 ions, followed by heating in H2 to re-
duce the Eu31 into Eu21. The ratio of the fluorescence inten
sities of the Eu31 and Eu21 is almost the same as that in th
earlier-mentioned Al2O3– SiO2 glass. The dependence o
hole depth, burned at 7 K, on the cycling temperature is a
shown in Fig. 2. It is evident that the depth of the ho

FIG. 1. PSHB spectra, burned and measured at 7 K, of Eu31-doped Al2O3

•9SiO2 glass heated in H2 glass at 800 °C. PSHB spectra are measured
K after cycling through the temperature shown in the figure.

FIG. 2. Relation between the hole depth and the cycling temperatur
Eu31-doped Al2O3•9SiO2 and SiO2 glasses heated in H2 gas at 800 °C.
Holes are burned at 7 and 200 K for Eu31-doped Al2O3•9SiO2 and 7 K for
Eu31-doped SiO2 glass, respectively.
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burned at 7 K decreases and disappears above 150 K. If
Eu21 ions act as the positive hole-trap centers, the PS
should be observed above 150 K. We also point out that
antihole is observed in the sides of the burned hole~see Fig.
1!. These results strongly exclude the possibility of Eu21

ions acting as hole traps. Another possibility for the ho
burning is the two-step photoionization from the first excit
5D0 level to the conduction band of the host. A two-phot
hole burning experiment was carried by using an Ar la
and 532 nm Nd:yttrium–aluminum–garnet laser in additi
to the burning light. No difference was observed in the h
burning efficiency before and after the laser irradiatio
meaning that the hole is formed by a one-step excitation
contrast, we noticed that the hole burning is related with
glass structure, especially the existence of Al31 ions. In
Al2O3– SiO2 glasses, the Al31 ions are coordinated with the
four and/or six oxygens, forming the network structure
gether with Si41 ions. The excess negative charge of t
Al–O polyhedra sometimes causes defects in the glass s
ture and might be compensated by the other cations suc
alkali ions.

Generally, the sol-gel process is known to bring abo
many kinds of defects in a glass during its chemical a
thermal treatments.7,8 Strong luminescence around the 45
nm wavelength is attributed to chemical bond breaka
and/or nonstoichiometry created during sol-gel process
though the nature of which is still not completely unde
stood. This luminescence is more prominent in t
Al2O3– SiO2 system,7 which can be used in high temperatu
phosphors. These photosensitive centers should be creat
the present Eu31-doped Al2O3– SiO2 glass during heating in
H2 gas. The SiO2 and Al2O3– SiO2 binary glasses were pre
pared without Eu2O3 by the sol-gel process in order to elim
nate the overlapping of the optical adsorption and fluor
cence of the Eu21 ions in the range from 200 to 500 nm
Figure 3~inset! shows the optical absorption spectra of t
Al2O3– SiO2 and SiO2 glasses heated in air at 800 °C. No
that the Al2O3– SiO2 glass has a strong absorption abo
30 000 cm21 compared with the SiO2 glass. Furthermore, the
Al2O3– SiO2 glass exhibited a large change in the absorpt
spectrum by heating in H2 gas. Shown in the figure is th
difference spectrum before and after H2 gas treatment. The
curve fitting technique implies that the absorbance is co
posed of three component bands peaking at 48 000, 41
and 37 000 cm21 and the former band increases while t
latter two bands decrease upon heating in H2 gas. A spectro-
scopic study of the defects induced in a glass heated in2

gas has been extensively carried out for the GeO2– SiO2 or
SiO2 glasses for use as optical fibers.9,10 The absorption in
the ultraviolet region is attributed to the structure imperfe
tions such as oxygen deficiency, electron, and hole-trap c
ters. By comparing these glasses, the absorption observe
the Al2O3– SiO2 glass can be attributed to the oxyge
deficiency defects such as Al–Al bonds. The Al2O3– SiO2

glass was then irradiated with a laser beam having the s
energy as that used for hole burning. Also shown in
figure is the induced absorption spectrum which is obtain
by subtracting the absorption before irradiation from that
ter irradiation. It is evident that the absorption band at 48 0
cm21 bleaches, indicating that the oxygen-deficiency defe
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couple to the laser beam. The formation of these oxyg
deficiency defects was confirmed from the electron spin re
nance spectrum exhibiting the absorption at ag value of
;2.00. From these results and the hole burning experime
we would postulate the formation of a hole as follows:
narrow burning laser beam selectively excites electrons f
the ground state of Eu31 ions, and, at the same time, the las
resonants with the oxygen-defect centers in the Al–Al bon
This double coupling would make the electron transfer
tween the excited-Eu31 ion and defect centers easy, resulti
in the formation of a hole. This is also revealed from t
experimental result that the hole depth increased with an
crease in the Al2O3 concentration.

The holes are formed by the tunneling of an electr
between the excited- Eu31 ions and the Al–Al defect centers
The hole-burning dynamics should be dependent on
length between two centers. The rate equation of conver
of the Eu31 ions into the burnt state of Eu31 ions can be
written as11,12

dMt /dt5K~M02Mt!, ~1!

whereM0 and Mt denote the concentration of Eu31 ions at
the initial and timet, respectively.K is a rate constant pro
portional to exp~2l! where l is the tunneling parameter
The dependence of the hole depth on the burning time at
K is shown in Fig. 4. The hole depth increases with burn
time and approaches a saturate level of about 7%, not 10
suggesting that there are centers which can easily be bu
and those which are hardly burned. Assuming that the h
depth corresponds to the concentration of the burned E31

ions andK is independent of the burning time, the hole dep
Dt is given by integrating Eq.~1!

Dt5D0@12exp~2Kt !#, ~2!

whereD0 is the hole depth after an infinite period,;7% in
this case. The hole-growth data are plotted according to

FIG. 3. Difference optical absorption spectra induced by heating
Al2O3•9SiO2 glass in H2 gas~800 °C for 1 h! ~c! and by irradiation with the
578 nm dye laser~300 mW for 30 min!. ~d!. The inset shows the absorptio
spectra of SiO2 glass~a! and Al2O3•9SiO2 glass~b! heated in air at 800 °C.
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~2! in the inset in Fig. 4, where the value ofD0 was deter-
mined to be 7% by the least-squares fit of the equation. N
that good linearity was obtained, indicating that the ho
burning is controlled by the rate equation with a constant r
of 8.231024 1/s. A small burning rate suggests a long d
tance between the two centers. In the present glass, the
centration ratio of Al ion to Eu ion is about five. The Eu31

ions are preferentially coordinated with Al–O polyhedra
compensate for the excess negative charge of the Al–O p
hedra. Thus, the Al–O bonds far from the Eu31 ions are not
neutralized forming the defect centers. The interaction ov
long distance between the Eu31 ions and the Al–Al defect
centers should result in a low hole-burning efficiency.

In conclusion, we successfully prepared the Eu31 ion-
doped Al2O3– SiO2 glass exhibiting a persistent spectral ho
burning at room temperature. It is concluded that the h
burning proceeds as the electron transfer between the ex
Eu31 ions and the Al-related defect centers. The roo
temperature PSHB-exhibiting glass makes it an attrac
candidate for high density memories.
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FIG. 4. Depth of the hole burned as a function of burning time. The in
shows logarithmic plot of the hole depth.
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