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Fluorescence properties of divalent and trivalent europium ions
in aluminosilicate glasses
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Optical absorption, fluorescence, excitation and time-resolved spectra, and fluorescence dynamics
were studied in E&i' - and Ed*-codoped aluminosilicate glasses. The results indicated that the
energy transfer occurred between’Ewand EG* ions, in which the energy corresponding to the
465d to 8S,,, transition of EG™ ions caused excitation of the Euions to the’D level. Some of

the electrons in the ground stdie, were thermally excited into th&F, state at room temperature,

and thermal populations of thé ; level had great effects on the spectral shape of°thg-"F,
emission. The effect of light irradiation at different wavelengths on fluorescence was systemically
studied. The visible, ultraviolet and x-ray irradiation caused a decrease in the fluorescenéé of Eu
and/or Ed* ions. Frequency selective excitation experiments were performed at 10 K and room
temperature. Instead of forming a spectral hole, the intensity dfftge®D, transition decreased as

a whole. This was attributed to the interaction of Edons with the two-level systems existing in

the glass network. ©€2002 American Institute of Physic§DOI: 10.1063/1.1450052

I. INTRODUCTION The E#* ions have complex energy levels, which in
turn is modified by the host matrices. The first excitdd5t
Rare earth ions energetically prefer the trivalent state, ofgnfiguration lies close to the excited 4levels. The transi-
which the 4" configuration is relatively isolated and the (jons hetween the first excitedf#d configuration and the
next excited 4"~ 15d configuration is situated in the high 4f7 ground state are dipole allowed and give a very intense
energy level above the ground state of tH& donfiguration. emission intensity about fGimes those of theé—f transi-

According to this electron configuration, the sharp lines due[ions in the trivalent ions. Furthermore, because of the large

to thef—f transitions are observed in the optical absorptlonSpatial extension of thedswave function, the optical spectra

and emission spectra. Among th?”‘: _Eu lons as well as E'due to thef —d transitions are usually broadened and depend
Yb, and Sm ions have attracted significant attention, because

: L . ~~pn the surroundings of the Bl ions. Thus, the choice of
they have a large potential for applications in some optica ost is a critical parameter for determining the optical prop-
fields, such as lasers, fiber amplifiers, phosphors, electrolu- P 9 P prop

minescent devices, and high-density optical stofag&he ertigs (?f the B&" ions.” Ew** _ions in the hO,St of the BaFC!
EW* ions, of which the lowest excited levefD,) of the family is a favorable photostlmulatgd luminescent material.
416 configuration is situated below the%d configuration, ~ v&'Y r+egently, photostimulated luminescence was observed
show very sharp emission lines extending from visible to the" Ew?* ion doped fluoride glgszséé.Long-lastmg phospho-
near-infrared. The persistent spectral hole burniR§HB  €SCeNce was also reporte_d n lI“:’gu‘:md Ed*-codoped alu-

can be performed in théF,—°D, transition of Ed* minosilicate glasses by Qiet al'® In fact, PSHB of Eg*
ions®~1°1t is well known that PSHB has potential applica- ions also attracts much interests due to its high hole-burning
tion as a frequency-domain storage media and is an ef'fecti\/@enSit)’-zo'21

technique for studying the local environment and the low  Oxide glasses have proven useful as host materials for
temperature dynamics of glasses and other amorphoudre earth elements because of their high transparency, com-
solids!~**Recently, room temperature PSHB was observedositional variety, and easy mass production. Recently, we
in EL**-doped oxide glass€s?'415The PSHB mechanism successfully prepared Eu-doped aluminosilicate glasses,
of EL®" ions in the oxide glasses is not clear. Generally, it iswhich had strong emissions of Euions and E&" ions. It
believed that the Eli ions at the burned sites are changedshould be noted that the glasses prepared were not hole
into E¥" ions through PSHB, although conclusive evidenceburned even at a temperature as low as 10 K. Actually, very
may be lacking® In the EZ*-doped fluoride mixed crystal, strong optical bleaching was observed in the glasses. In this
it is clear that the spectral hole is formed by the site changarticle, we demonstrate the fluorescence behavior ifit Eu

of E*" ions among different local environmerifs. and Ed " -codped aluminosilicate glasses. The analysis of the
fluorescence behavior is needed to clarify the hole burning

dAuthor to whom correspondence should be addressed; electronic maimechanism in. the host of glagses and to provide a guidg for
songhw67@sina.com.cn. a new host with strong emission and good PSHB behavior.
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TABLE I. Component of the aluminosilicate glasses in wt. %.

Sio, AlL,O, Li,O MgO NaO TiO, Zro, P,Os Sh,0,
60-70 20-30 5-10 2-4 1-2 2-5 2-7 2-10 0-2
Il. EXPERIMENTS lll. RESULTS AND DISCUSSION
A. Glass preparation A. Absorption, fluorescence, and excitation spectra

The aluminosilicate glasses normally containing 0, 0.5, The optical absorption spectra of the Eu-doped glass in
1, and 2 wt % EpO; were prepared by the method of solid comparison with the undoped aluminosilicate glass are
state reaction. The glass compositions are listed in Table khown as Fig. 1. In the visible rangd00-700 nny the
All of the starting materialgwith purity of 99.9% were absorption coefficientr, was nearly constant with wave-
commercially available. In the preparation, they were mixedengths for both glasses. In the ultraviolet rangéncreased
together and stirred until the mixture became homogeneousignificantly as the wavelength decreased. Compared to the
The mixture was then melted in the air. After keeping athost glass, the absorption limit of the Eu-doped glass shifted
1450°C fa 4 h and slowly cooling the melt to room tem- to redside, indicating that the absorption caused by Eu dop-
perature, colorless transparent glasses were formed. Thieg occurred shorter than 400 nm. The inset in Fig. 1 shows
glass samples were cut into small pieces (Ixchtm) with  two sharp absorption peaks at 393 and 464 nm in the Eu-
thickness of 1 mm and were well polished. After x-ray irra- doped glass, which were attributed to tffe,—°G5 and the

diation, the color of the glasses became dark red. 'Fo—°D, transition of EG" ions, respectively. Thé—f ab-
sorption cross section of Bl ions in oxide glasses is gen-
B. Spectral measurements erally very weak. After x-ray irradiation, the absorption limit

i o shifted to the red side, while the absorption amplitude caused
The absorption, excitation, and fluorescence spectr@y thef—f transition of EG* ions did not change.

were all measured with a Hitachi F-4500 fluorescence spec- Figure 2 shows the fluorescence spectrum of th&'Eu
trometer with a resolution of 1 nm. The absorption spectray,y g3+ jons in the aluminosilicate glass. A broad emission
were measured by the sample-in, sample-out method. Thg,ng associated with the transition of 74-4f%5d of the
measurements of the time-resolved spectra and the fluoreg2+ ion was observed in the glass. The sharp lines of
cence dynamics used a 266 nm pulsed Nd:Y@&Eminum-— 5D,—7F, of E*" ions were also observed. Among them, the
garnej laser(with a linewidth of 0.2 cm?, pulse duration of emission of"D,—’F, was strongest. The transitions &

10 ns, and repetition frequency of 10 Hzombined with a (J=1,2,4),5G,, andSL to the ground state& , were not

fourth harmonic generator as the pump. The resonance exqliearly observed because they were weak and mashed by the
tation used a Rhodamine 6G dye laser pumped by the same_j transition of EA" ions.

Nd-YAG laser. The same laser light fixed at 578 nm was g re 3 shows the excitation spectrum of the Eu-doped

used as PSHB, which was also called frequency-selectiv&as& A broadband having a peak at 240 nm was observed,

excitation. A boxcar and a Spex 1403 spectrometer WerGnich probably originated from the transition of the charge-
used for detection. In the measurements, the glasses were put

into a helium-gas-cycling system, in which the temperature

varied from 10 to 300 K.
15004 4f65d-sSm
14 0.5 1000
~ g g B undoped
* 7 b, Eu-doped 500
=
& ; . ,
bl 400 500 600 700
Z 3000
g
£ 2500 ]
2000 ]
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FIG. 1. Optical absorption spectra in one undoped and one Eu-d@ed FIG. 2. Fluorescence spectra of 2u(a) and EG* (b) in the Eu-doped
wt %) alumino-silicate glasginse) The same spectra in a small wavelength aluminosilicate glas$2 wt %, This glass is used as a typical pnghe
scale. spectra were measured under the pump of a 266 nm pulsed laser.
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FIG. 3. Excitation spectrum of the Eu-doped aluminosilicate glass within 0.06+
the®Dy~"F, transition of EG* ions. The monitor wavelength is at 614 nm. 0.04 -
0.02
transfer state of the Eii ion. Sharp lines were observed at 0.00
340, 362, 387, 393, 414, 464, and 531 nm, respectively 0 2000 4000 6000 8000

These lines are associated with thef transitions of E&" Time (us)
ions. Their detailed origins are labeled in Fig. 3.

FIG. 5. Fluorescence dynamics of Bu(a) in a short time scale ang) in
a long time scale. The excitation wavelength is 266 nm, the monitor position

; 2+
B. The evidence of energy transfer between Eu and is 614 nm. The smooth lines are exponential fitting functions.

Eu3+

Figure 4 shows the fluorescence dynamics of Eon ) ) )
the us time scale. The experimental dynamics was well fitted 500+ 50 us. The fluorescence intensity and the decay time
by biexponential functions. The two exponential decay con<constants of the glasses with Qiﬁerent E.u con.centration were
stants were determined to be 0230.03 and 2.8 0.2 us by measured and compared, which were listed in Table Il. The
fitting. Here we did not observe an increase irf Eiuores- fluorescence intensity increased as the Eu concentration in-
cence due to the instrumental limitation. We estimate thé&réased. On the other hand, the decay time constant became
increasing time constant to be shorter than several tens Slightly smaller. This result indicates that the concentration
nanoseconds. Figuréd and 5b) show the fluorescence dy- duenching was not strong as the By concentration was
namics of the E% ions in different time scales. It was ob- Smaller that 2 wt% in the oxygen glasses.
vious that the fluorescence intensity of Euincreased ini- Figure 6 shows the time-resolved spectra of the glass. It
tially, then decayed with a long exponential tail. There existWas more obvious that the emission increase of ‘Eions
two increasing time constants, one constant was 3.%/asaccompanied by the fluorescence decrease’sf iBus.
+0.2 s and the other one was smaller than @5 The two 1 he above results implied that the energy transfer occurred
increasing time constants of Euions were properly unity Petween Et' and Ed* ions. Under the coexistence of the
with the two decay constants of Euions. The decay time EW ' and Ed" ions, the excited EAI in the 4f°5d level Eg

constant of E&" ions in the 2 wt% Eu-doped glass was Nonradiatively rglaxed to the ground sté&,_,z', and the en-
ergy corresponding to thef5d— 8S,,, transition caused ex-

citation of the Ed* ion to the®D; state.

C. Thermal population in  7F; and its effect on line
shape

Figure 7 shows the resonant excitation spectra as differ-
ent sites in the transition ofD,—'F, were detected. The
peak of'F,—°D, was around 578 nm and had a small shift
with monitor wavelength. It was interesting to observe that a
shoulder appeared in the long wavelength sidéref-°D,,

Intensity (a. u.)

TABLE lI. Variation of relative emission intensity and fluorescence lifetime

0.00 ————

0.0 05 10 15 20 25 30 35 of the °Dy—"F, transitions of EG" ions on Eu concentration.
Time (us) Eu concentration 0.5 wt. % 1wt % 2 wt. %
FIG. 4. Fluorescence dynamics of #uin the aluminosilicate glass. The Relative Intensity(a.u) 0.75 0.84 1.00
excitation wavelength is 266 nm, the monitor position is 500 nm. The Lifetime (us) 1800 1650 1500

smooth lines are biexponential fitting functions.
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FIG. 8. The emission spectra of tiB,—’F, transition while selectively

FIG. 6. Time-resolution spectra of the Eu-doped glass. In the measuremerfXCite the transition ofFo—°Dy.
the excitation wavelength is 266 nm.

the variation of the®D,—’F, line shape with excitation

which originated from the transition 6F;—°D,. In fact, the ~ wavelength at room temperature is not caused by the crystal
average energy separation betwdeg and ’F, levels was  splitting effect, but rather by thermal population of tfig,
only ~300 cmi't. At room temperature, a great number of state. In fact, both the electrons in thE, and 'F, states
electrons on'F, were thermally excited t8F,. The popu- could be optically excited into theD, state, and then radia-
lation of thermally excited electrons frofify to ’F,, N;, is  tively relaxed to the’F, one, leading to the configuration
proportional toN exp(—Eyo/kgT), whereN, is the electron  change of théDy—'F, transition.
population of'F,, E,qis the energy separation betwedfy
and’F,, andkg is the Boltsmann constarf:is the absolute D FEluorescence change before and after light
temperature. According to the equatidd, /Ny was deter- irradiation
mined to be as large as60%. The excitation intensity of the
’F,-°D,, transition was much smaller than that'f,—°D,
due to the small excitation cross section of the,—°D,,
transition. Based on the excitation spectra, we estimate the
transition probability of'F,—°D, was about 8—10 times 20
larger than that of F;—°D,,. '

Figure 8 shows the selective excitation spectra of the 081
Fo—°D, transition monitored by the fluorescence of
°Do-'F,. (Spectra were measured with a resolution of 2.5
nm,) It was obvious that the line shape tb,—F,, varied
significantly with the excitation wavelength. At 10 K, we
measured the selective excitation spectra under the excitation
of the narrower dye laser. Unfortunately, the Stark splitting
peaks were not distinguishéé-, configuration should have
five components considering the Stark effedthe spectral
shape almost did not vary with the excitation wavelength.
(The line shape measured at 10 K and with high resolution is &
as similar as that measured with the excitation of 578 and ™ Before
266 nm lights, as shown in Figs. 2 and Bhis indicates that ]

Figure 9 shows the resonant excitation spectra of the
Fo—>D, transition before and after laser irradiation. After
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1.0
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577 578 579 580 581
Wavelength (nm)

570 575 580 585 590620 nm FIG. 9. Excitation spectra ofF,—°D, measured before and after laser
Wavelength (nm) irradiation with a resonance light within tH&,—°D transition(579 nm.
The spectra were obtained by monitoring #ig—’F, emission at 614 nm.
FIG. 7. Resonance excitation spectra while different sites within the(Insey Dependence of th&F,—5D, excitation line intensity or{a) irradia-
5Dy—"F, transition were monitored. tion time and(b) waiting time while the irradiation light was shut off.
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6000 EW?" decreased. The fluorescence of g —'F transition
50004 5 '® of E®" did not change. The inset in Fig. 10 shows the
1 S oss fluorescence intensity of Bti ions as a function of irradia-
—~ 4000+ g tion time. The fluorescence intensity of £uions can be
> (b) g °% adequately fit by an exponential function of time. It should
S 30004 £ o
> ] = oss be noted that the peak position of the fluorescence &f Eu
‘@ 2000 oo ions varied depending on the excitation wavelength. The
£ ] 0 5 T}gneﬁmno 2 peak position of the fluorescence of Eushifted to the red
= 1000, side as the excitation wavelength decreased. The fluores-
0 cence spectra were also measured after irradiation with the
() lamp light separated at the other wavelengths, 266 and 578
~1000 nm, the latter wavelength corresponding to tfe,—°D,
400 450 500 550 600 650 transition of EG" ions. The results were the same as that
Wavelength (nm) shown in Fig. 10. The fluorescence of £uions decreased

while the fluorescence of B did not change. The fluores-
FIG. 10. Fluorescence spectra of the Eu-doped glass excited by a 375 ngance of Eu-doped glass was also measured and compared
light: (a) before irradiation(b) after irradiation, andc) difference spectrum. before and after the x-rav irradiation for 20 min. The fluo-
(Insed The fluorescence intensity of Elias a function of irradiation time. n Yy T ’

rescence of both Eii and Ed" ions decreased after the

irradiation. The structural change was persistent at room

temperature. This could result from the energetic x ray,

being irradiated by a laser light with a power density-gf0 ~ Which optically excited the electrons from the valence band

mW/mn? for 20 min, corresponding to the transition of OF some impurity levels into the conduction band. The elec-
"Fy=°Dy, no hole was formed even at 10 K. In fact, the trons then relax from the conduction band to the other impu-

excitation intensity of the’Fy—°D, transition decreased. rity levels and the valence band. These processes are com-

This behavior was quite different from the other’Etdoped ~ Plicated and thus may lead to the structural variation
aluminosilicate glasses, which could be hole burned at lovPbserved. The fluorescence ratio of Euo EW** showed no
temperaturé®?* The intensity decrease of thE ,—°D, tran- change, therefore, it was difficult to judge if the valence
sition was also observed at room temperature, but the varigransfer occurred between Euand EG* ions. The local
tion was smaller in comparison to the decrease at low temenvironment surrounding EG/Ew** ions and the photore-
perature. As the irradiation light was shut off, the excitationfractive index were changed by x-ray irradiation.

intensity of 'Fy—°D, increased and tended to recover to its

original state. The detailed mechanism of the fluorescencg. Two-level system in the aluminosilicate glasses

decrease is not clearly understood. One possible process is

that ﬁL? lons fcaptgrg eleégqns at nearby trap sne_z, whichyasses, a spectral hole can be burned at low temperature. In
are then trans erie_ mtq lons. Howeyer,_nq evigence crystallized systems, hole width is generally twice that of the
indicated that Efi" ions increased after irradiation. On the homogeneous linewidth. In amorphous solids such as glasses
contrary, the irradiation with a weak light at 578 nm resulted, polymers, the hom.ogeneous linewidth as well as hole
in a decrease in fluorescence sz_EuWh'Ch Wou_ld be dem- width varies with aging time. The quasihomogeneous line-
ons_trated later. The other p053|_ble process is the Opt'c‘?‘”%idth is called spectral diffusion. In glasses, spectral diffu-
eXC|ted+rgarrangement of local |ons/molecu|_es surroundmgion is believed to be caused by the interaction of impurities
the EG* ions. The rearrangement of local ions/molecules ih two-level systems(TLS9 that exist in the glass
caused the fluorescence of Euto decrease. In St and etwork24~25At present, the origin of TLS is not clear in any
E’*-doped aluminosilicgte glasses prepared by t.he sol—g ystem. According to the theory of standard TLS, the homo-
method, the hole formation was related to the qptlcally act|-geneous linewidth equals Idy(In our Eu-doped glasses, the
‘éa‘ngf .reafggg‘sgleme”t of OdH bbor;]ds s;lrrqun((jj{ngj’”Em:jr fluorescence decrease of Euions (while the glass was ir-
_lons. q nsets () dan ( ) S 0‘:’ the irra |aF|on fy-h radiated by a frequency-selective liglean also be attributed
?ém'g‘; an _re_covle_:ry ynamics IO At f I'?tensny of they, spectral diffusion. For the glass compositions studied, ex-
Fo—"D, excitation line, respectively. At 10 K, an exponen- 1o qjye T| Ss are expected. These TLS strongly interact with
tial decay constant was determined to be 40 min. The otheéu3+ ions and lead to an increase in the homogeneous line-

constant was mluch Ionger. A(;[ roo;n tempelrature, ]Ehe_decqx/idth of E®" ions with time. The hole width after extensive
constant was also on the order of several tens of minute umping (20 min) should be close to the inhomogeneous

This indicated that the thermal activation energy betwegn th newidth of E#*, leading to fluorescence bleaching. At
unchanged staFe and the changed state were two kinds esent, we also cannot identify the origin of TLS in our
least (or a continuous bandAt low temperature, both the glass network
two changed states of Bl ions could persistently exist. On '
the other hand, qnly the changed state with a deep therm?\ll_ CONCLUSIONS
depth could persistently exist at room temperature.

Figure 10 shows the spectra before and after irradiation Eu-doped aluminosilicate glasses with strong emission
with a 375 nm light. It was evident that the fluorescence ofof EW?* and EG* ions were prepared. The fluorescence be-

In most of the rare earth doped crystallized materials and
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