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Effect of hydroxyl bonds on persistent spectral hole burning in EG*-doped BaO-B,Os glasses

Masayuki Nogamf, Naoto Umehara, and Tomokatsu Hayakawa
Nagoya Institute of Technology, Showa Nagoya, 466-8555 Japan
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The effect of OH bonds on the optical absorption and persistent spectral hole b{(RSHE properties was
quantitatively analyzed in Eii-doped BaO-FOs glasses. Glasses were prepared by melting the raw material
at 600—800 °C, in which the OH content was changed. The hole was burnedif¢he’D, transition of the
Eu*t ions d@ 6 K and the dependence of the PSHB properties on temperature and time was measured. The bond
covalency between Eii and oxygens decreased and the hole depth linearly increased with increasing the OH
content in the glass. The proposed model was that the hole was burned by the optically activated rearrangement
of the OH bonds surrounding the Euions. The hole burnttaé K was refilled with increasing time and
temperature and an average thermal barrier height for the hole filling4® meV, which was smaller than
that for the Ed* ions doped in silica and silicate glassg80163-18208)06834-9

[. INTRODUCTION ventional melt quenching if they contain the OH bonds to-
gether with the E%i" ions.

The persistent spectral hole burnitRSHB phenomenon This paper presents the PSHB properties for the
of E®* and Sm* ions is one of the most significant optical EU**-doped BaO-FOs glasses that are prepared by the melt-
properties for use in high-density frequency-domain opticaing method. The local structure around theEiions is stud-
data memory,and thus many studies have been carried outéd using the Judd-Ofelt parameters and the fluorescence
to develop the PSHB materials. Macfarlane and Shelby firsin€-narrowing spectra. We discuss how the OH bonds sur-
found the hole burning for the Bt ion-doped glasses at rounding fthe E%" ions contrlbute't(.) the hole burning from
liquid-helium termperature’. For practical use, high- the experimental data of hole refilling.
temperature PSHB is required. So far, the PSHB at tempera-
tures using liquid nitrogen has been observed in the Il. EXPERIMENT
Ew*-dopedB”-aluming and silicate glassé‘s_l.:urther room- 3Ba0 7P,0, glasses doped with 1 mol % ED, were
tempergture PSHB has bee? observed in th'ez*Smns prepared by melting mixture of reagent grade
doped in crystafsand glasse%’ As a host material, glasses BaCO,, HsPO;, and EyO; for 2 h at 600 to 800 °C in an
are thought to be more favorable than crystals, because gfymina crucible. Each melt was then cast in a graphite mold
their wide mhomog_eneous width, comp03|t|0nal_ variety, andynq annealed at 300 °C for 10 min. Glasses were cut to
easy mass production. We have been conducting a study 8fmm thickness and polished for the optical measurements.
the preparation of the PSHB glasses by use of a sol-ged possible small change in the glass composition caused by
method, and recently succeeded in preparing aluminosilicat@aporization during melting is neglected except for the re-
glasses doped with St and EG™" ions exhibiting PSHB up  sidual water.
to 300 and 210 K, respectivefy™® Since the E&'-doped Optical absorption spectra of &t were recorded in the
glasses are obtained without heating in reducing atomowavelength range of 300 to 600 nm at room temperature.
sphere, it thus becomes possible to extend the study beyorichree Judd-Ofelt parametets; ;- 4 6) Were determined by
the limitation of the SrA*-doped glasses. using the integrated absorbance and the equti6n

Eu’t and Sm* ions have the same electron configuration
4f®, the lowest and first excited states of which dFg, and 9
Dy, respectively. The holes are burned on the excitatiort 4-32<10 )J a(v)dy
spectra of the’F,—°D,, transition of the E&i* and Sm™* ) s
ions though the burning mechanism seems to be quite differ- _ 87°mcr (n°+2) Aadlutlby 2 1
ent. A possible main reaction for hole burning in the?$m - 3h(2J+1) 9n Shs (aduibd)s, @
ions is the photoionization of St into Sm*" by laser
irradiation!? although the question of where the producedwherea(v) is the measured molar absorption coefficient at a
electrons are captured still remains unknown. On the othegiven wave numbep, h is Planck’s constantn is the mass
hand, the E%" ions are stable, not to be ionized by laserof electron,c is the speed of lightn is the refractive index,
beam. In a previous paper, we found that in the sol-geand(aJ|U®|bJ’) is the reduced matrix elements of the unit
glasses the hole depth proportionally increased as the réensor operator for the corresponding transition.
sidual water content increas&dand thus the sol-gel tech- Low-resolution fluorescence spectra were measured at
nique is appropriate to prepare the PSHB materials with higiioom temperature. The 337-nm light of the Idser was used
resolution for data storage. These results suggest that tks pumping source for excitation of the Euion. For the
PSHB can be observed in the glasses prepared by the coftdorescence lifetime measurements, theldker with nsec
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5 ~ TABLE |. Optical absorption(Judd-Ofelt parametersnd fluo-
L, " rescence(decay time and intensity ratio ofDy—’F, to °Dj
% —7F,) properties of E&i"-doped 3Ba®7P,0; glasses.
—_ rys Fluorescence 5
E 5Do-)'7F| E Meltlng
;_. Abf:rbar;ce j=1 % temperature  Q, Q4 Q¢ Decay time  Intensity
g af o> B S (°C) (X102 cmd) (mseg ratio
*H, o
$ E 600 372 415 201 2.00 2.67
g' 700 453 330 191 2.10 3.08
é 2 800 431 313 152 2.24 3.19
35000 30000 25000 20000 15000 covalency and structural change in the vicinity of the*Eu

ion and(}, is related to the long-range effec¢ tends to

increase with decreasing rigidity of the surrounding medium.
FIG. 1. Optical absorption and fluorescence spectra, measured &he best fit of parameter§);;—,.¢) determined by the

room temperature, of Eii-doped 3Ba@7P,0g glass melted at method of least-squares analysis using Eg.are listed in

600 °C. The fluorescence spectrum was obtained with the 2.9Table I. There exists an increasing tendency of paranf&ter

x 10%-cm™ ! excitation wavelength of a Niaser. The energy states and the decrease in both thk, and Q¢ with increasing the

shown in figure are transitions from the ground st&&g. melting temperature. These results are ascribed to the in-

creased covalency of the chemical bond between th& Eu

resolution was focused onto the sample and the fluorescendéen and the neighboring oxygens in glass melted at high

spectra were recorded using a CCD camera at 0.01-mséemperature.

intervals after turning off the laser irradiation. The fluores-

cence line narrowing~LN) measurement was performed un- B. Fluorescence properties

der excitation with a wavelength within thé,—°D, tran-

sition by a rhodamine 6G dve laser. The fluorescence As shown in Fig. 1, which illustrates the fluorescence
y y ' $pectrum using the 2.9710* cm™! (337—nm) excitation

intensity was measured with a chopper that alternatel :
opened the optical paths before and after the sample. Tﬁévavelength of a Mlaser, three broadened lines are observed

1 o
chopping frequency was 150 Hz. All FLN spectra were re—§ ~17 ZOrC])_, hN 16 900’.6"de 16300 cm ™ in :heﬁgsmle
corded &6 K with the Jobin Yvon HR 320 monochromator. r7eg|on,7w Ic g“? attributed to (tjrans;u(_)ns ron, to
The PSHB was observed on the excitation spectrum of thFFO’ h Fi, an |F2 ?tar:es@Ln Or erTﬁ érg)crea;c,l;ng wave-
'Fo—°D,, transition of the E&". The excitation spectrum ength, respectlve_y,d(_) tl € Eu lons. ed hOE’I 1 fran- h
was obtained by scanning the output of a cw Aon laser- Sf']t'on IS alr?_a?netlc |prc]) € tran3|tlﬁn,a§n_ ar yr\]/arleﬁ wit
pumped rhodamine 6G dye laser with a linewidth of tNe crystal- ield strength around theEuion. On the other

1.0 ont® full width at half maximum (FWHM) from hand, the®D,— 'F, and ’F, transitions are electric dipole

17 100to 17 550 cm' while monitoring the fluorescence of Eﬁgf ??}d {ahret sientsr;twtfal tor Che?'calirﬁoﬂdistim thf V'(r:]'r';"tz Ofd
the °Dy— ’F, transition at 16 260 cm'. The glass was hen t%e, chzm'sc,al k?ongob:ifsgeﬁethéE;ndez a eeﬁs be;_ce
then irradiated using a rhodamine 6G dye laser with a spo‘fv ' Xy9

. : : ._“come more covalent. Therefore, the intensity ratio of the
ize of 1 mm diam ratin mwW for min. o ' "
size of about diam operating at 300 or 30 SDy—F, (or 'Fy) transition to the®D,— ’F; transition

After irradiation, the excitation spectrum was recorded in the 1 be used to estimate the chemical bond surrounding the
same way. The laser power for scanning was attenuated w* ions. The intensity ratio of théD,— 'F, transition tog

neutral-density filters to less than 0.2% of that for burning. 5 5 . _
Infrared spectra were obtained between 4000 ant.Iihe Do— 'F, transition for the glasses prepared by melting
1500 cni! for the 0.05—0.1-mm-thick sample at 600-800 °C is presented in Table I. A large value of the

intensity ratio is observed for the glass melted at high tem-
perature, indicating that a strong Eu-O bond is formed in the
. RESULTS glasses.
The laser-induced fluorescence line-narrowing spectros-
copy is more useful to study the local environment of the
The room-temperature absorption spectrum for the glasEu** ion. The FLN spectra were measureidéaK after ex-
melted at 600 °C is shown in Fig. 1. The absorption speccitation at different energies inside tH&,—°D, transition.
trum consists of several electric transitions from tHg, Figure 2 shows typical spectra for the glasses prepared by
ground state to the excited states shown in the figure. Similamelting at 600 and 800 °C under excitation at the wave-
spectra were obtained for glasses obtained by melting at 7d@ngth of the center within thé F,—°D, transition. The
and 800 °C, the transition energies of which are similar tospectra of the’D,— 'F, and ’F, transitions have three and
those observed for many Euion-doped oxide glasses such five distinct peaks, respectively, due to the Stark splitting of
as silicate’® borate!® and phosphat¥:*® The Judd-Ofelt pa- these states. To study the Stark splitting of each state, the
rameterd)—, 4 6) are characteristic of the rare-earth ions in spectra of theD,— ’F, and ’F, transitions were deconvo-
the matrix and are used to characterize the environmentélited using the Gaussian distribution function. A fit is shown
field of the rare-earth ions. The paramefibris related to the  in Fig. 2, indicating that the #, and 'F, states consist of

Wave number (cm™ ')

A. Absorption properties
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FIG. 2. Fluorescence and excitation spectra, measured at 6 K, of 15 4 |nfrared spectra of Bli-doped 3BaO7P,05 glasses
Ew’'-doped 3Ba®7P,0s glasses_ melteo_l at 600_ ar_ld 8OQ °C. The melted at 600, 700, and 800 °C.
fluorescence spectra were obtained using excitation with the cen-
tered energy within thé F;— 5D, transition band. The excitation
spectra were obtained by monitoring thB,— ’F, fluorescence at
16 260 cnm .

can be attributed to the variation of the local crystal-field
strength of the EXi" ions in glas$® Among the three lines of
the F, state, the lowest-energy line shifts remarkably to

three and five components, respectively. No additional fluolower energies with an increase of tE,—°D, excitation
rescence bands were observed when the excitation enerwergy,7whlle5the other two lines shift to higher energies.
was changed within théFy—°D, transition. These results  T1h€ ‘Fo—>D, transition is a nondegenerate transition,
indicate that the Eif ions at different sites in a matrix have the width of which is the measurement of the site distribution
the same type of ligand structure, but are not located in thgurrounding the EUf ion. The band, obtained by scanning
different phases observed in the same glasses doped withe rhodamine 6G dye laser while monitoring the fluores-
EW* ions® The difference in energy between the positionscence of the’Dy—F, transition at 16 260 cm', exhibits

of an individual component and the excitation energy is plot2 Width of about 25-35 cfi" FWHM (see Fig. 2, which is
ted in Fig. 3 as a function of excitation energy for the glassegiarrower than half of that observed for the metaphosphate
melted at 600 and 800 °C. The values determined for glasségasseg-

prepared by melting at 700 °@ot plotted for clarificatiopn

are similar to those shown in Fig. 3. It is found that the peak C. Infrared-absorption spectra

positions of these transitions manifest systematic shifts when Characteristic of the phosphate glasses is the fact that a

the 'F,—°D, excitation energy is changed. Since the, e ) .
5 O . large amount of water remains in them in comparison to the
—>D, excitation energy is a measure of the strength of the_. . ; : : ;
; . . .. Silicate glasses. Water in glass was investigated by infrared
crystal field acting on central Bti ions, such spectral shift

spectroscopy; spectra for glasses melted at 600—800 °C are
shown in Fig. 4. Broad absorption bands having peaks at ca.

I . 2800 and 2200 cm' are observed, the former of which is
, % e ° assigned to the fundamental stretching vibrations of OH
- DR S : : .. groups. In contrast, the broadband at 2200 énis over-
to00L (o e ° © ¢ lapped with various bands due to P-O-P angDH which
6 e % s Lo e b e O makes the assignment difficult. Day and Stevls found out
= O e% e e et that the 2920-cm?! band exhibits an increase proportional to
§ soo the content of the P-OH bond$To clarify the P-OH bonds
w in our glasses, the IR spectra were deconvoluted, using
< Gaussian functions, into two bands peaking at ca. 2800 and
600- 2200 cm?, and the absorption coefficients of the
o ° 2800-cm ! band are listed in Table II. Note that the absorp-
o o geect tion coefficient of the 2800-cm' band drastically decreases
a007F o : o: e PR with increasing the melting temperature.
.. tee |. * e |° D. Persistent spectra hole burning
200 17240 17260 1728 PSHB was observed on the excitation spectra of thg

—5D,, transition. Figure 5 shows a typical excitation spectra
before and after hole burning & K with laser with a power
FIG. 3. Energy difference between the peak energies of the dedf 300 mW at 17 265 cmt for 30 min. The PSHB spectrum
convoluted®D,—"F , transition lines and the excitation energy in Was recorded after 30 min of turning off the laser. A hole is
glasses melted at 600 °@pen circles and 800 °C(closed circles clearly observed at the burning wave number of

Excitation energy (cm' ')
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TABLE Il. PSHB (hole depth and argaroperties and infrared-
absorption coefficient at 2800 ¢rh of EL**-doped 3BaQ7P,0;

glasses.

Melting Absolute coefficient Hole Hole
temperature of 2800-cnt depth area
(°C) band (cm?) (%)

600 450 44 0.0210
700 250 23 0.0105
800 40 10 0.0046

17 265 cm!. The width and depth of the burned hole are
1.0 cni ! FWHM and 44% of the total fluorescence inten-
sity, respectively. The values of depth and area of holes,
burned and measured at 6 K, for glasses melted at 600 tc
800 °C are listed in Table IlI, in which the hole area is de-

fined as the ratio of hole area to the total area of kg

—°D,, transition band. It is evident that the hole becomes

small with increasing the melting temperature. Further, it is

interesting to notice that the increased fluorescence can be
clearly observed around the hdkee the difference spectrum

before and after laser irradiation in the inset of Fiy. 5

Figure 6 shows the multihole spectra, where six holes
were burned in order increasing number for 30 min at 6 K.
Note that the previously burned hole is partially refilled by Ho

the increased fluorescence around the new hole.

IV. DISCUSSION

A. Contribution of OH bonds to PSHB

In general, phosphate glasses are composed of a thre

dimensional network structure of the P@trahedron termi-

Difference

Before burning

After burning

Intensity (Arb. units)

To.o5

AT IR

Tl e ey

17300 17280 17260

Wave number (cm-1)

FIG. 5. Excitation spectra, measured at 6

3BaO 7PR,0O5 glasses melted at 600 °C before and after hole burn-

17240

K, offEwoped

ing. Burning power and time are 300 mW at 17 265 ¢nand 30
min, respectively. The spectrum before burning was moved by 0.050l-gel method and found that the hole depth increased with
in scale for clarification. The difference intensities between befordncreasing the OH conteAt’'?In these E&'-doped SiQ

and after burning are shown in the top spectrum.
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FIG. 6. Multihole spectra of Elf -doped 3Ba®7P,0O5 glass.
les were burned at six wave numbers in the order of numbers
shown at 6 K.

nating with the modifier cations such as?Baand Ed§*
ions!’8and a large amount of water remains in the glasses
in comparison to the silicate glasses,CHin phosphate
Sl'asses forms OH groups bonding to P ions. Thé'Eions

are considered to be surrounded by eight or nine oxygens
that consist of the POtetrahedron. The Judd-Ofelt param-
eters have been successfully used in estimating the environ-
ment of the rare-earth ion. As shown in Tables | and I, the
decrease in OH content causes the paranieeio increase
and the(), and( g parameters to decrease. These changes in
the parameters indicate that the covalency of the chemical
bond between the Bi ion and the neighboring oxygens
increases with decreasing the OH content. Since the P-OH
bonds are more covalent than the P-Bonds, the electron-
donating ability of oxygen in P-Obonds can be higher than
that in P-OH bonds. This predominant factor that affects the
field at the EG™ ion is that the covalency of the Eu-O bond

is increased with decreasing the number of OH bonds sur-
rounding the E&' ions.

The effect of OH groups in the first coordination sphere of
the EG™ ion can be also discussed from the measurement of
the fluorescence decay behavior. A larger decay time for
glasses melted at high temperature is shown in Table I. The
presence of OH groups surrounding®Euion provides an
effective pathway for the radiationless deexcitation via en-
ergy transfer to OH vibration that results in a shorter decay
time and quenching of the fluorescerfée.

In the previous paper, we measured the PSHB of the
Eu®*-doped SiQ and ALO,-SiO, glasses prepared by the

and ALO;-SIO, glasses, the 5O molecules are bound with
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FIG. 7. Hole area as a function of the absorption coefficient of State I State I1

2800 cm! band.
‘ ; Eu3+ 0—@ ; P-O (nonbridging oxygen)

Ewt, AIPT, and St ions to form the hydrogen-bonded pOH . P-O-P ( bridging oxygen)

OH groups. When the laser beam is irradiated, the protons in
the OH groups bond with Bl and/or the OH bonds and FIG. 8. Proposed hole burning model in Eudoped 3BaO
surrounding E&* ions change their positions to form a dif- -7P,0s glass. Hole is burned when the OH bonds in state | are
ferent bonding feature. This rearrangement of the protorghanged from A to B site by light irradiation. State Il has higher
bonding can be considered to result in the hole burning. T@nergy compared with the state | and relaxes across the barrier into
elucidate the effect of the OH bonds on the hole burning irthe state .
the present Elf -doped BaO-ROs glasses the relation be-
tween the hole area and the absorption coefficient of the
2800-cm * band is plotted in Fig. 7, in which the hole area is
defined as the ration of the hole area to the total area of the ] o ]
F,—°D, excitation band. Note that the hole area increased he fraction of the remaining hole is also presented as a
with increasing the absorption coefficient. This result indi-function of the holding temperatuf higher than the burn-
cates that the existence of the OH bonds surrounding th&d temperature,
Euw®* ions seems important for the hole burning, and we KTI(Rata)

0'0
propose that the holes for the Eudoped phosphate glasses F(T)zl_f g(V)dV, (4
are burned by the rearrangement of OH bonds. The proposed 0
reaction is schematically illustrated in Fig. 8. When the lase
IS |rrad|a.ted, the protons in th.e. OH groups sur.round|n§+Eu dence of hole area on temperature was investigated from the
ions (A site) change their positions to form a different bond-

: i . temperature-cycling experiment of the hole. A hole was
Ing feature(B site). This rearrangement of the proton bond-_ formed at 6 K. After cycling through a certain temperature

rhigher than the burning temperature, the spectra were again
9fleasured at 6 K. During this process, the hole might be
partially filled. Figure 9 shows the hole area as a function of
the cycling temperature, where the hole area is normalized to

F(t)zfj:g(V)exp(—Rt)dV. 3

(/vhereto is the holding time at temperatufieé The depen-

that the deep holes are burned in the glasses containin
large amount of OH bonds.

B. Refilling of hole

The hole-burnt statéstate I) has a higher energy than the
unburnt state(state ) and it relaxes across the activation 1 I
barrier into the unburned state as shown in Fig. 8. The sta- ©
bility of the hole-burnt state can be discussed from the £ 0.8
temperature-dependent and time-dependent hole-erasure ex- 2
periments. In this reaction, the optically activated statate s 0.6
Il in Fig. 8) relaxes across the activation barriérinto the 8
unburnt statéstate ), the rate of which is given 4% s 04
o
R=Rgexp(V/KT), 2 Z 02
whereR, is the attempt frequency, is the Boltzmann con- ) P Y B vt ey * » e
0 20 40 60 80 100 120 140

stant, andr is the temperature in K. Assuming that the bar-
rier height follows a Gaussian distribution and the fraction of
the remaining holé" is proportional to the number of pho-  FIG. 9. Relation between the hole area and the cycling tempera-
toproducts of state Il that remain unchangEds given as a  ture of EF*-doped 3Ba®7P,0s glass. The solid curves indicate a
function of timet as follows: fit to data based on a Gaussian distribution function; see the text.

Temperature (K)
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PSHB and is considered to be dependent on the strength of
the OH bonds surrounding the Euions. The OH groups
bound to P* ions are hydrogen bonded with the®Euions,

e in which the hydrogen-bonding strength is strongly depen-

pY dent on the bond strength between oxygen and cation such as

S P and Si. Compared with Si-OH bonds, the P-OH bonds are

kS strongly hydrogen bonded with the Euion and their OH

% bonds are easily changed by the small energy, resulting in

E the smallV value. This is the reason for determining the

S o6 temperature of PSHB and these data are instructive for de-
veloping the glasses exhibiting PSHB up to high tempera-

050 vl v vvnd il vl L tures.
10’ 10° 10° 10 10°
Time (s)

V. CONCLUSIONS
FIG. 10. Relation between the hole area and the time after burn- )
ing of EL?*-doped 3Ba®7P,0s glass. The solid curves indicate a [N this paper, the PSHB was measured for the
fit to data based on a Gaussian distribution function; see the text. EU*-doped BaO-FOs glasses prepared by the melt-
quenching method. Depth of the hole, burned in fiig,
unity at 6 K. It is evident that the hole burnetl @ K de-  —°Dp transition of the E&" ions at 6 K, linearly increased
creases its area with an increase in the temperature, resultifgth increasing the OH content in the glass and the burnt
in erasure above about 130 K. Also, the time dependence dfole was refilled with increasing time and temperature. We
the hole areatss K is plotted with logarithmic scale in Fig. concluded that spectral hole burning proceeds as an optically
10, where the hole area is normalized to unity at 5 min aftefctivated rearrangement of the OH bonds surrounding the
burning. Note that the hole keeps its area within 20 h andEW’" ions and the hole stability in the phosphate glasses is
then decreases with increasing time. The solid curves showsimall compared with the silicate glasses.
in Figs. 9 and 10 are the fitting of the data using E@sand
(4), respectively, and the fitting parametéfsare estimated
to be ~140 meV for both data witfR,=10'"* sec ! andt
=1800 sec. It is interesting to note that the obtaiveds This research was partly supported by a Grant-in-Aid for
smaller than that for the Eii ions doped in silica and sili- Scientific ResearciiNo. 0965073% from the Ministry of
cate glasse¥. The V value is a measure of the stability of Education, Science, and Culture of Japan.
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