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A borosilicate glass of molar composition 0.0LBg-0.9925Ng0-50B,05-25Si0,) has been studied
through the optical spectroscopy of the®Eton. Absorption and excitation spectra, fluorescence line narrow-
ing, and time-resolved spectroscopy show that the impurity ions are accommodated in two different site
distributions, one related to a silicate environment, and the other one related to a borate environment. These
results have been corroborated by crystal-field calculations and comparison with the crystal-field parameters
for the EZ* ion in silicate and borate glasses. The presence of phonon sidebands indicates strong coupling
with high-frequency Si-O and B-O stretching vibrational modes.

[. INTRODUCTION The composition of the sample used for the present inves-
tigation hasR=0.5 andK=0.5 and therefore lies at the bor-
Borosilicate glasses have found many technological applider of the two regimes. It is interesting to confirm the model
cations ranging among others, from shock resistant laborgeutlined above using laser-excited optical spectroscopy of
tory glasses, to optical glasses and to dumps for nucledpf€ Pprobe ion EY"

waste materials? The properties of the glasses depend on Laser-excited site-selective ~spectroscopy, commonly
their internal structure, which is governed by competitiveC@/léd fluorescence-line narrowingLN), has been demon-

network formation of the various borate and silicate struc-StratGd to _be an extrer_n_ely_useful teclhnique f_or _the st_udy of
tructural inhomogeneities in glasses! The majority of in-

tural groupings. For ternary sodium borosilicate glasses twG o ucture . C 3
compositional parameteR=Na,O/B,0; andK =Si0,/B,0; vesggatt)lons has ]E)(-:ten carried out W'ﬁh EILast a é%t_r%cturdal
are useful to describe the network modification as a functior,t?hro € elc?utse 0 |Istun|(1ue enfertgr;éDeveYE rut 't:';m

of composition. The most detailed information about the € singlet fo singlet nature of o— Fo transition.
structure comes from widelif®B NMR data. ForR<0.5, a While most of the FLN investigations have been performed

model developed by Bray and co-workérs suggests that in on El.}+ 1ons n smgle phase medla the usefulness (.)f this

this low sodium content range all boron is either coordinatec}eChnlque for Vrc#l_tlzehase materials and glass ceramics has
by three oxygengtrigonal BO; units) or by four oxygens also been sho " L .

(tetrahedral BQ units). The sodium charges compensate tet- In the present investigation the FLN signal was recorded

rahedral boron sites. The maximum sodium content, whic onresqna}ntly with the laser beaf"- The observgd phanges of
can be accommodated in the borate phase, is assumed f emission spectra_ as a function of the e>_<C|tat|on wave-

correspond to the diborate composition, which is reached ngth are discussed in terms of the local environment of the

S . . :
R=0.5. In this regime the sodium borate and silicate portion U ions in the sample, using elementary crystal-field
of the glass do not mix. This aspect is supported by th heory. Further information on the energy-level structure of

10 . o
tendency of these glasses to phase separation. However, U** in the host glass was obtained by FLN after excitation

man and recent NMR investigatidifsindicate that small into the®D, state. The_ re_sults of the FLN experiments were
complemented by excitation spectra in fifg,— °D, and the

amounts of sodium are also incorporated in the silicate net|—: 50 . including the bh ideband struct f
work starting at abouR=0.30, leading to the formation of ' 0. “1 r7eg|ons Including the pnonon sideband Structure o
Sthe Do— 'Fq transition.  To the best of our knowledge the

nonbridging oxygens in the silicate portion of the glass. Thi . T X

behavior is also confirmed by measurements of the phonoﬂresent |nvest]gat|on is the only work on FLN'maEujoped

sidebands of E&i-doped sodium borosilicate glasses in thisSOd'um borosilicate glasses with the exception of an older
work by Alimov et al**in which energy migration as a func-

compositional rang®. . T S
At R=0.5, according to Bragt al, the excess of sodium o of the EG" concentration is discussed.

enters the silicate network under formation of nonbridging
oxygens and, at the same time, B@nits are incorporated

into the silicate network. These two species are accommo- Glasses with the molar composition
dated on different network sités. 0.01Ey0;-0.9925Ng0-50B,0;-25Si0,) were prepared by

Il. EXPERIMENTAL
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TABLE |. Russell-Saunders assignments of the optical transi-
tons in the absorption spectrum of ¥u in the
(a) 25Na0-50B,05-25Si0, glass, positions of the barycenters in wave
numbers and oscillator strengths of some transitions. Oscillator
strengths labeled with, b, andc were used for evaluating,, (4,
and()g, respectively.

©
o

¥

&

(b}

J-J"in 25*1L, assignment Barycentéem )  Oscillator

Absorbance (arbitrary units)

Fig. 1 strength
F,—5D, 16 352
1-0 F,—°D, 16 913
0-0 "Fo—1Dy 17 288
, ] . 1 . 1 7F2—>5D1 18 094
15000 20000 25000 30000 1-1 7E. 5D 18 656 3.x10°72
- 1—) 1 .
Wavenumbers cm 1) 0-1 "Fo—°D; 19 007
. _ 'Fy—°D, 20567
FIG. 1. Absorption  spectra  of Bl in the 1-2 7E. 5D 21190
25Na0-50B,05-25Si0, glass recorded at 300 Ka) and at 20 K et s —7a
(b). Transitions’F ;—2S*1L;, are labeled by-J'. 0-2 Fo— D> 21539 3410
J J F,—°Dy 23435
1-3 F,—°D, 24 163

melting appropriate amounts of analytical gradgBB;,
: . : 0-3 Fo—°D 24 417

Na,CO;, SIO,, and EyO; (99.999% at 1350 °C in platinum 2078

crucibles under air. Samples were obtained by quenching this© Fi—"Le 25050

melt on steel plates or by pouring the melt into a graphite®6 Fo—°Le 25401 15.%10°7°
mould. For the optical measurements the sample surfacés? Fo—°G, 26132
were ground and polished. 0-4 Fo—°Gy, 26 337
The composition given above corresponds to the batcR-6 "Fo—°Ge 26 581
composition. Possible small changes caused by vaporizatidh8 "Fo—°Lg 27380
during melting are neglected. All experiments were carriedl-4 'F1—°Dy 27 380
out on quenched samples without annealing in order to make-4 "Fo—°Dy, 27 594 2.6¢10°7°
comparisons possible with NMR measurements, which are-4 "Fo—>H, 31353
usually performed on quenched samptés. 0-6 "Fo—Hg 31662

Absorption spectra in the visible range were obtained uss=
ing a double monochromator absorption spectrophotometer

with =0.25 m. 100 spectra of the samplee\évEre acCuMUtemperature spectrum contains also transitions starting from
lated and in this way the weak features in the'Eabsorp- hage excited states. The corresponding “hot bands” are ab-

tion spectra could be accurately obtained. Low-resolution lugent in the low-temperature spectrum. The individual transi-
minescence spectra in the UV-VIS region were measured @{yns are labeled by-J’, theJ values of the initiaI7FJ and

room temperature using a spectrofluorimeter with spectrajq final 25+1| | state. Transitions starting frofi , are too
bandwidths of 1.5 nm. . weak to be seen on the condensed scale of Hig. The

A dye laser pumped by an excimer laser was used tOg _.5p ' transition of EG" is forbidden by electric dipole
collect high-resolution emission and excitation spectra. The,,q magnetic dipole mechanisms. Consequently, it consti-

laser had a typical linewidth of 0.3 cth full width at half yte5 one of the weakest features in the spectrum. Its inten-
maximum (FWHM). The luminescence signal was moni- gjty is ahout three times smaller than the intensity of the

tored with a double monochromator in the photon countin 5 i R i

mode. The time-resolved signal was measFLred at diﬁeregqioisgl t;at\)r;sg:mn which is magnetic dipole aIIovv_ed. The
, X > g 0 ption band at 20 K has a maximum at

delay times with respect to the excitation pulse and withy7°58g il and an inhomogeneous width of 110 chto

different temporal windows. _ _ compare with the width range 92—111 thfor the same

Emission decays were measured with a multichannefansition in sodium borate glasses and 69-96 tin so-
analyser with a dwell time of 5.1%s. Low-temperature §iym silicate glasse®
measurements were carried out at 13-20 K using helium e Ryssell-Saunders assignments and the band positions
cryostats. are given in Table | together with the oscillator strengths for

those transitions which were used for a Judd-Ofelt analysis.
Ill. RESULTS The Judd-Ofelt intensity parametety (A=2,4,6 were ob-
tained in the usual way from the room-temperature absorp-
tion spectrum and are found to H®,=12.9x10 %° cn?,

The absorption spectra of Eu in the 0,=5.9x10%° cn?, and Q=2.7x10 % cn?. It is well
0.25Ng0-0.50B,0; -0.25SiQ glass recorded at 300 and 20 known, that intensity parameters calculated from the oscilla-
K are shown in Figs. (B and Xb). Because of the close tor strengths of EXi containing samples are not very reli-
proximity of both the’F, (about 200 cm?) and 'F, (about  able. However, the present Judd-Ofelt parameters are in the
1000 cml) states to the ground statéF,, the room- range commonly observed for oxide glasse®. 32

A. Absorption spectra
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The ratio of the intensities of théD,—'F, and the

’F, °D,— 'F; transitions gives a measure of the degree of dis-
tortion from inversion symmetry of the local environment of
the EG ion in glasses. In fact, theD,— 'F, transition is
magnetic dipole allowed and its strength is not strongly site
dependent, whilst theD,— ’F, transition is forbidden and
becomes electric dipole allowed in odd field. The present
value of 3.3 lies well within the range of values usually
found in oxide glasses, indicating that theEuons occupy
low-symmetry site$®> The position and FWHM of the
°Dy—'F, transition is unchanged compared with the ab-
sorption spectrum, which indicates that energy-transfer pro-
. , . , , , cesses involving Eli ions are not important in the glass
14000 15000 16000 17000 under investigation.

Emission Intensity

Wavenumber (cm™) o , o
C. Emission after selective’D, excitation

FIG. 2. Room-temperature low-resolution luminescence spec- Emission was obtained after excitation at different ener-
trum of ECF" in the 25Ng0-50B,0;-25Si0, glass in the gies inside the absorption profile of thg,— 5D, transition.
Do— F; (J=0-4) region obtained after broadband excitation at The 5D0—>7F1 transition is clearly structured due to the
394 nm. Stark splitting of the terminal state, whereas &, —'F,
transition is not well resolved. Brecher and Riseberig
their classical paper on FLN of Bl in a sodium barium

The room-temperature low-resolution luminescence speczinc silicate glass were able to fit five components into the
trum of the glass in the 13 500—17 500 chrange obtained observed®D,— F, profile. We did not adopt this procedure
after broadband excitation at 394 nm in thieg state is  for our glass. It will become evident from the discussion of
shown in Fig. 2. Only emission from t®, to the final’F;  the®D,— ’F, transition that the Elf ions are located in two
(J=0-4) states is observed. The electric and magnetic dipolenajor types of sites each having’g, state split into three
forbidden°D,— 'F transition is centered at 17290 ¢  components. Thé& , state will be split into five components
and has a FWHM of approximately 120 ch The magnetic in each site distribution and, therefore, the observed
dipole transitior’D,— ‘F, is present in the region 17 200~ °D,—F, profile is a convolution of at least ten transitions
16 560 cm®. The Stark splitting is not well resolved. The between Stark levels, which makes any fitting procedure
lowest energy Stark component is situated at 16 750'¢m quite unreliable. For the following discussion only the tran-
while the other components strongly overlap. The most insitions to the7F1 Stark levels are considered.
tense emission is centered at 16 314 ¢mnd corresponds to Figure 3 shows the time-resolved site-selective emission
the °Dy— 'F, electric dipole transition. The band is com- spectra of théD,— 'F, transition at 13 K as a function of
pletely unresolved with an FWHM of about 300 cThe  the excitation energy which is indicated at the right side of
weak and broad transitions centered at about 15300 arnshch trace. All spectra reproduced in the figures were col-
14 360 cm?® correspond to the transitiomD,— ‘F; and  lected with a delay of 5s delay and an acquisition time of

B. Non-site-selective emission

°Dy— 'F,, respectively. 5 ms after the laser pulse.
a b l___/\—/—\—w;
lN/\/\/‘\/ 17227 cm’”’
17332 cm™’ A
L\/\/—"\/\/ 17240 cm”’
17345 cm™! e
| 17253 cm™’
17357 em-! ‘_/\/’\/\_ FIG. 3. °Dy— 'F, emission spectra of Bl

17266 cm™ in the 25Na0-50B,03-25Si0; glass recorded at
l\_/\/\/*\’ 13 K with a 50 us delay and 5 ms gate as a
17279 om-’! function of the excitation energy. The excitation
l\’/\/,—\/\a energy is indicated by the arrow and the wave
number.

17293 cm™”

|

17371 cm™

Intensity (arbitrary units)
Intensity (arbitrary units)

17379 cm™!

} |
-1
17385 em 17305 cm™!
l ¥ ‘)\//\/A_\P\/
17390 cm 17318 cm’’

— ———
17500 17250 17000 16750 16500 17500 17250 17000 16750 16500
Emission energy {cm’) Emission energy {cm™)
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FIG. 4. Fit of six Voigt-profile components to the emission spec- 500'_ ; 5o Load et g -1 ;
trum of E* in the 25N30-50B,0;-25Si0, glass recorded at 13 K 4004 gogmo® “ A i
after 17 379 crn! excitation. 300 trestpre+t &
EEEE+
. - . 200 DEE * 4
Changes in the positions and shapes of the Stark levels in ; Ot v - 11
Fig. 3 are clearly seen. The band corresponding to the tran- 100'_ s -1
sition terminating on the lowest component of fig state is 0 — T T T T
narrower than the other ones and its position more sensitive 17200 17250 17300 17350 17400 17450 17500
to the excitation wavelength. It is evident that for nearly all Excitation energy {em™)

spectra at least five components can be easily identified. In
principle, there are two explanatlons for the appearance of [\ 5. piot of the'F,, 5Dy, and®D, Stark levels of E&* in the
more than the three lines expected in a FLN experiment for 25n5,0.508,0,-25Si0, glass at 13 K as a function of the
°Dy— 'F; transition of EG". One is phonon-assisted energy "Fo—°D, energy. The’F, ground state is taken as the zero of
transfer to lower energy sité3!8the other is the existence energy. Levels assigned to the silicate and borate environments are
of EU*" in two different environment$?>?in the glass labeled by | and II, respectivelisee text
host. The presence of energy transfer was checked by mea-
suring decay curves of the emitting state and time-resolved
spectra. After excitation at 17300 ¢t (inside the The 'F—°D, absorption band is centered at 19010
°Dy— 'F,, transition decay curves were recorded at 123 andcm™* with a FWHM of about 95 cm®. The Stark splitting of
18 K monitoring at 16 225 cm' (inside the’D,— 'F, tran-  the ®D, state is unresolved. Emission spectra were recorded
sition). The decay curves are nearly single exponential withafter excitation at different energies inside the inhomoge-
decay times of 1.84 ms both at 123 and 18 K. neously broadened profile of this band. In Fig. 6 the emission
Furthermore, other FLN spectra were recorded with delayspectra for two different excitation energies are shown.
times of 30 and 70Qus after the excitation pulse and acqui- Whilst in Fig. 6a) the excitation was at low energy, in Fig.
sition times of 1 and 4 ms, respectively. The spectra of thes(b) the high-energy tail of théF ,—°D, absorption profile
°D,— 'F, region recorded with different delay times and was excited. The most remarkable difference between Figs.
different gates were unchanged. Since it is known that espé(a) and Gb) is the presence of more than one line in the
cially the lowest’F, Stark level is very sensitive to energy region of the®D,— F,, transition in the latter. It has been
transfer’® we conclude that this process is negligible at theshown by Hegarty, Yen, and Web&m their investigation of
present E& concentration. Both the temperature- E®"-doped lithium borate glass that this behavior is per-
independent nearly single exponential decay and the absentectly consistent with the shift of the centers of gravity and
of time evolution of the’D,— 'F, spectra suggest that the the increasing Stark splitting of th® ; multiplet of E?* in
additional spectral features are caused by simultaneous exdites of increasing local crystal-field strength. In fact, for
tation of EG'* ions in two different site distributions. excitation energies in the 19 000—19 200 ¢mange[e.g.,
The emission spectra of theD,— 'F, transition were Fig. 6b)] up to three subsets of ions all differing in their
deconvoluted into six Voigt-type components. A fit is showndetailed°D, structure may be exciteld. In each subset a
in Fig. 4. The positions of the six Stark levels obtained fromdifferent Stark level is in resonance with the laser. These
the deconvolution are plotted in the lower part of the energysubsets of ions being different in theiD, states will also
level diagram in Fig. 5 as a function of the excitation energyhave theiD, state at a different energy and th&iy,— 'F,
(the energy of théF , state is taken as zexdt is evident that  transitions will be consequently displaced.
the 'F, splitting increases steadily with tiD,—'F, en- Excitation into the low-energy part of tH& ,— °D; tran-
ergy. The assignment of the Stark componesntse, , and  sition[Fig. 6a)], by which only the lowest Stark component
&_ to the two major types of site,ll) is discussed in Sec. of the °D; state is likely to be populated, gives rise only to
V. one®Dy— 'F, emission line. However, in this case there is

D. Emission after °D, excitation
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17321 17213 (b)
17436 l l
l 17360 17154
w
A=
c
i T T - - FIG. 6. Emission spectra of Bli in the
- a0- . i, glass after excitation at
= L7 Fifeo) 25N80-50B,0;-25Si0; glass after excitati
5 7Ry 7R, (s) 7, 7F, (e) (a) 18982 cmi* (a) and 19 120 cm* (b) inside the
o 17258 17014 "Fo—"°D; band, recorded at 13 K. The maxima
o l of luminescence bands and relative assignment
> are labeled in order to have an easy comparison
e . .
D with Fig. 5.
c
O
et
E T !
] ?FO ! . ] 7F1&0)| |

" 1 "
17500 17400 17300 17200 17100 17000 16900
Emission energy (cm™)

also a small probability of exciting the other Stark compo-monitored at different positions inside ti®,— 'F, band.
nents of states having ti®D, barycenter at lower energy, Figure 7 shows the excitation spectrum for a low observation
causing the low-energy shoulder. Therefore the emissioenergy(17 233 cm?). The positions of the three bands cen-
spectra aftePD, excitation can be related to the ones ob-tered at about 19 000 cr agree very well with the splitting
tained after°D, excitation, with the advantage that the of a °D; state predicted for a Bt site with a°Dy— 'Fq
°Dy— 'F, transition is also observable. The offsets of theenergy of 17 233 cm' (see Fig. 5. Three additional bands
different °D,— 'F, transitions reveal the Stark splitting of corresponding t6D,— 'F,(€,) are expected, but only two
the °D, state. This splitting plotted against the excitationbands at 19 068 and 19 134 chare observed, due to the
energy is included in the upper part of Fig. 5 and in Fig. 8. decreasing excitation intensity of the dye laser in this region.
In the present experiment it is not possible to distinguishFrom the energy-level diagrafiFig. 5 the °D,— 'F tran-
between the two site distributions evidenced in the the FLNsition energy for these two bands can be estimated at about
of the °D,— ’F; transition. This is attributed to the fact that 17 360 cm ™.
the splitting of°D is roughly five times smaller than the one  The presenPD; excitation spectra thus confirm th®,
of ’F;, and therefore the relatively small differences in thesplitting obtained by emission aftelD, excitation. The
crystal fields of the borate and of the silicate sites cannot bagreement of the two experiments is excellésge Fig. 8
detected. The asymmetry of tAB,— 'F, transitions which  The smaller observation range of the excitation experiment is
is best seen in the isolated 17 436 Cnband in Fig. b) caused by the rapid decrease of the laser intensity for ener-
may however be taken as an indication for the existence ajies higher than 19 100 cr.
Eu®* ions in two environments.
The remaining features of the emission spectra can be Dy region
attributed to transitions from the individuaD,, states to the
correspondindF,(g,) levels which are also expected in this
gge(;t{gerggggymgypboesglgtgsingg tfl?grs;]et:‘?gﬂg?gn;I:;?/rele;gs nd m7onitoring the em'ission at different position; inside the
gra(\)m in Fig. 5 and are indicated in Fig. 6 by connecting7D°—> F2 band (see Fig. 9. The absorption profile of the
AITOWS ' ’ FOHE’D0 transition is reproduced for comparison at the top
: of Fig. 9. Monitoring at a high-energy sitd6 490 cm?) a
o relatively narrow (about 80 cm® halfwidth) symmetric
E. Excitation spectra "Fo—°D, excitation spectrum is obtained. The excitation
Site-selective excitation spectra were obtained by tuningPectra at lower observation energies are redshifted and
the dye laser over the energy range of fig—5D, and  broadenedabout 94 cm* for the 15945 crm* spectrum
'Fy—°D; regions. Moreover, from about 900 to 1700 cm With a wing on the high-energy side. This wing can be ex-
above the'F,—°D,, transition a phonon sideband structure plained by the coincidence of the energy of two Stark levels
is observed. Since phonon sidebands correspond to localiz&d the ‘F state for two subsets of Eiions.
vibrational modes around B{, they contain important infor-
mation about the surrounding of the structural probes. Phonon sidebands

Figure 10 shows the phonon sidebands associated with the
'Fo—°D, excitation transition monitoring at different posi-

For excitation spectra in th&F,—°D; region the laser tions inside the pure electronic emission transition. The
was tuned from 18 900 to 19 400 ¢thand emission was wavenumbers on the abscissa are relative to the correspond-

Excitation spectra of théF,—°D, transition were re-
orded by scanning the laser from 17 100 to 17 500 tm

°D; region
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FIG. 7. Excitation spectrum of Eii in the
25N&0-50B,0;-25Si0; glass in the’Fy—°D,
region monitored at 17 233 cm (inside the
5Dy— Fq bang recorded at 13 K.

Intensity {arbitrary units)

i 1 . 1 " J
18900 19000 19100 19200

Excitation energy (cm™)

ing observation energy, which is indicated at the left side of In the B-O region the peak at 1550 chof the 17 153
each trace and serves as a measure for the energy of the sites* site is also shifted to lower energy as the observation
All spectra show phonon sidebands in the two regions 900-energy is increased. Starting with 17 233 Cnsites it is
1300 cmi ! and 1300—1600 cit above the zero phonon line replaced by a second band centered at 1380%cwhich
(ZPL). Both regions consist of a broad band which is apparremains at this position for all higher site energies.

ently shifted towards smaller energy, when the observation

energy is increased. In the low-frequency range Si-O vibra- IV. DISCUSSION

tions and, possibly, small contributions of BQrvibrations

are expected*3° However, EG" phonon sideband measure- ~ The crystal-field potentiaH ; acting on the EY" ions is
ments in sodium borate glasses indicate that thg Béntri-  conveniently expressed as

bution is small for high sodium content.In the high-

frequency range B-O vibrations from B@nits are located. H _E B. C 1
The asymmetrical bandshapes for 17 233 ¢trand higher o g Tkavkar (1)
observation energies, however, suggest that each band con-

sists of at least two vibrational modes. The Si-O peak locatewvhere theB,, are crystal-field parameters and tog, are

at 1190 cm? above the’D,—F, transition of a 17 153 spherical harmonics in Racah normalizatiri’ We adopt
cm ! site is shifted to lower energy for higher site energiesC,, symmetry for the crystal-field calculations, as this is the
and is found at 1150 cit for the 17 257 cm® site. Starting  highest symmetry for which full splitting of thé~, and'F,
with observation energies of 17 233 tha second band states of EEi' is allowed, and the lowest in which symmetry
appears at 1020 c¢m which remains more or less constant of most of the components is maintaindgnoring J mix-

for all higher energy sites. ing, the three crystal-field energies of tfie; multiplet arel’
19200 /o
19150 /°
< 19100- ’ FIG. 8. Comparison of
£ | the Stark spliting of the®D;
o + ;
< 190504 state of Ed i the
g; 25N30-50B,0;-25Si0, glass at
5 1 13 K obtained from FLN spectros-
c 19000 copy (circles and from site-
t selective  excitation of the
18950 - "Fy—°D; transition(triangles.
18900

17200 17250 17300 17350 17400 17450 17500 17550

°Dy-’F, energy (cm™)
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absorption

15945

Intensity (arbitrary units)

16490
M 1 n 1 n 1 n 1 n 1 n n i
175001745017400173501730017250172001715017100

Excitation energy (cm™)

Emission intensities

FIG. 9. Excitation spectra of thd,— 5D transition of EG" in
the 25Na0-50B,03-25Si0; glass at 13 K monitored at different
positions inside théD,— 'F, emission band. The observation en-
ergies are indicated. Top trace: absorption profile of fhg—°D,
transition.

E(eo)=E('F1)+Byy/5,

)

17153 cm™’
E(e+)=E("F1)—(By* \/6522)/10. 2

7 . 800 1000 1200 1400 1600
E(’F,) denotes the barycenter of thE; multiplet ands,,

e,, ande_ denote the crystal-field states. Once an assign- c;m‘1 from ZPL
ment of the observed energy levels to these states is estab-
lished, values for the crystal-field paramet&sg, and By, FIG. 10. Excitation spectra of the phonon sideband structure

may be calculated from Eq2) for each excitation wave- above the ‘F,—°D, transiion of EG" in the
length. It is generally agreed that, in the FLN spectra, the25Ng0-50B,0;-25Si0, glass recorded at 13 K as a function of the
highest energy feature, which is most sensitive to the excitasbservation energyvertical displacemeitinside the pure elec-
tion energy and usually sharper than the two others, is &onic transition.
transition from°D, to the 'F 1(s,) component of théF , state.
We assign the three Stark levels as the sequegce_, and  Not only do EG" ions in sodium silicate glasses with differ-
e, with increasing energy. This ordering is consistent withent modifier contents have theiF,, 5D0, etc. states at ex-
that of Brecher and Risebéfgwho use the irreducible rep- actly the same energy, but Todoroki, Hirao, and Sdhave
resentations o€,, to label the Stark componentsaind with  shown that the splitting of théF, state in sodium silicate
that of Nishimura and Kushidd,but differs from the assign- glasses obtained in FLN experiments as a function of the
ment of Hegarty, Yen, and Web¥rwho puts_ to lowest excitation energy is also independent of the network modifier
energy. For the present investigation an additional assignzoncentration. Hence the insensitivity of the sites towards
ment to the two major types of sitékll) has to be made in compositional changes is given not only for an average over
order to account for the six rather then three bands in thisll sites but also for each subset of sites excited by the same
spectral range. energy. If such silicate sites are occupied by Eions in any
In oxide glasses the first coordination shell of rare-earttsilicate glass they can easily be identified by their character-
ions consists of oxygens either in the form of nonbridgingistic 'F, splitting which can be expressed in terms of the two
oxygens carrying a full negative charge or of bridging oxy-crystal-field parameter8,, and B,,.
gens carrying a partial negative charge. For electrostatic rea- In order to make guantitative comparisons with the litera-
sons nonbridging oxygens will be the preferred partriérs. ture the definition of an average crystal-field paramBtef*
This species is also more easily drawn towards th& Eans
because it is connected to the glass network only on one end. B,=(By0)%+2(B,y)? 3
Given the borosilicate nature of our glass sample it is rea-
sonable to propose that one of the two major site distribuwas adopted.
tions is related to Ell ions in an environment of oxygen (Note: Care must be taken when crystal-field parameters
atoms connected to silicon atoms and the other site distribdfrom different sources are compared because depending on
tion to oxygen atoms connected to boron atoms. This behavhe explicit form of the crystal-field potential they may have
ior was also inferred from the optical spectra of Mrdoped  different significance even when they are labeled by the
sodium borosilicate glassés. same symbols. In order to make a comparison withBRe
The first coordination shell of rare-earth ions in binary values of Brecher and Risebéefgwe multiplied ourB,, val-
alkali silicate glasses is known to be remarkably constantues by a factor of 2 foB,, and /6/3 for B,,, respectivel§P).
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We have calculated thB, values for all possible combi- Sc*-doped sodium silicate glasses, which they attributed to
nations of three out of the six observég, Stark energies of Si-O stretching vibrations of SiQunits associated to &t
our sample and compared the result with values for so- ions forming a quasimolecular complex. We assign the sec-
dium barium zinc silicat¥ [see Fig. 11a)]. The only com- ond band in the Si-O region at 1150 chwhich is dominant
bination which leads t®, values comparable with th&, of in low-energy sites and disappears at higher site energies to
the silicate glass is labeled in Fig. 5 as site | and the correSi-O stretching vibrations of SiQetrahedra with four bridg-
spondingB, values are shown in Fig. 14). The agreement ing oxygens in the Eti neighborhood. This is consistent
of the two data sets is evident; in fact, the two curves conwith the small crystal-field splitting observed for the low-
verge for excitation energies higher than 17 300 tnThe  energy sites.
deviation occurs for lower excitation energies where the six The situation is much more complicated in sodium borate
Stark components are very close and strongly overlappinglasses. For low alkali concentratiofisp to R=0.40 the
each other, such that the curve fits are less reliable. appearance of additional lines in th@,— ’F, region points

The remaining three Stark components are consequentit two major site distributions for Bii in these binary
labeled as site Il and attributed to Euin a borate environ- glasse$? This is consistent with the tendency of these
ment. Since théF(g,) energies for both sites are very simi- glasses towards phase separation. For higher modifier con-
lar, the value ofB, is almost independent on the choice of tents a single site distribution is prevalent. The present glass
this crystal-field level. The assignment of the lowest Starksample with a NgO/B,O; ratio of R=0.5 will certainly be-
level to site | is motivated by the results of the Voigt profile long to the second category. Generally, the splitting of the
fits (see Fig. 4 Invariably the three bands assigned to site I’F; state in borates is found to be slightly larger than in
show a narrower width compared with the bands assigned aslicates and shows a greater variety depending on the
site Il. Within each site distribution the widths of the compositior*® To our knowledge, no crystal-field parameters
°Dy— 'F4(s_,e,) transitions are larger than the width of on El**-doped sodium borate glasses have been reported in
the °D,— 'F, (&) transition by a factor of 2. In view of the the literature. In Fig. 1(b) the observed, values for site ||
similarity of EL*" environments in silicate glasses the in- of our sample are compared wiBy, values calculated from
crease of the'F, splitting as a function of the excitation the crystal-field splitting of the’F, state of Ed" in
energy is likely to reflect a decrease of the Eu-O distances}0Li,O-60B,0; glass(R=0.66) shown in Fig. 8 of Ref. 22.
inducing an increase in the crystal-field strength, when th&'he agreement is not nearly as good as for the silicate sites;
energy of the sites increases, rather than dramatic changestofwever, considering the differerR values of the two
geometry and coordination numbers. The first coordinatiorglasses and the fact that in the borate glass a different modi-
shell is therefore no longer completely random, which leaddier (Li,O) is present, the agreement is reasonable, indicating
to a much narrower site distribution and hence to smallethat our assignment of site Il to a borate environment of
residual inhomogeneous widths for the observed transitionEw?" is essentially correct. The larger width of the Stark
in the FLN spectra. This description is consistent with thecomponents of site Il is consistent with the larger variety of
idea of EG" ions forming quasimolecular comple&4%in  oxygen species in borate glasgesidging and nonbridging
the glass rather than occupying random holes in the glassxygens in planar BQunits, bridging and nonbridging oxy-
structure. gens in tetrahedral BPunits). We assign the phonon side-

A further confirmation of this view comes from the 1020 band at 1550 cmt to B-O~ vibrations of weakly coupled
cm ! band in the phonon sideband structure. We assign it itBO; units in the neighborhood of B, while the stronger
agreement with Nelson, Furukawa, and WHitesho found a  band at 1380 cm'* which dominates at higher site energies is
vibration at 1024 cri* by difference Raman spectroscopy on due to B-O vibrations strongly coupled to Bt.** The in-
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crease of théF, splitting with increasing site energy is con-  TABLE Il. Positions of the Stark componentg, &_, ande .. of
sistent with the increasing flexibility of glass networks con-the ’F; state of Ed" in 25Ng,0-50B,0;-25Si0; glass as a func-
sisting of planar BQ units, because they allow for smaller tion of the excitation energy together with the crystal-field param-
Eu-O distances in these sites and therefore produce highgfersBzoandBy; and the average crystal-field parameer(a) for

crystal-field strengths. site | and(b) for site II. All values are cri’.

The B-O and Si-O phonon sidebands dominating the
spectra at high observation energies can also be seen starting | @
from the observation energy of 17 233 cinthey are due to  EXCitation g & &4 Bo Bz B
the accidental coincidence already observed irPBgexci- 1797 261 388 441 -256 133 317
tation spectra. This coincidence blurs the shift of the vibronic, ; 544 247 401 472 -316 178 403
sidebands with the increasing observation energy. Moreovey o 236 395 495 —348 250 496

the phonon sideband due to the Eu-O stretching, whicl17 266 220 402 501 -386 248 501
should fall in the region between 250 and 450 ¢fP*® - - 206 414 526 —440 080 592
appears to be unimportant. In fact, in the excitation spectra % 293

very weak and broad feature is barely detectable in this re= 191426 556 —500 325 679
gion. The calculated crystal-field parameters for the finaf/ 30 181 436 563 -531 318 695
assignment of the two sites and the corresponding avera 170441 579 =567 345 748
crystal-field parameters are given in Table Il as a function o 7332 162 456 588 —600 330 760
the excitation energy. 17 345 155 465 604 —633 348 801
The splitting of the’D, state obtained either by emission 17 357 147 477 624 —673 368 850
after °D; excitation or by excitation spectroscopy in the 17 371 139 489 627 -698 345 852
"Foy—"°D; region also increases in a monotonic way with the17 379 137 499 636 —718 343 866
excitation energysee Fig. 5. The ratio of the Stark split- 17385 133 503 640 -—-731 343 877
tings of the®D; to those of F; yields a reduction factor of 17 390 130 506 639 -738 333 875
about 0.18, which is smaller than the value of 0.298 pre- (b)
dicted for pure Russell-Saunders sté?émt_in good agree- 17297 200 354 491 -221 343 532
ment with the experimentally found reduction factor of about;7 540 272 354 509 -266 388 609
0.2 for crystals and glasseS. 17 253 271 339 530 -273 478 728
17 266 251 337 549 -320 530 815
V. CONCLUSIONS 17 279 236 352 577 -381 563 882
The optical measurements of the phonon sidebands and éf 293 218 334 607 —421 683 1053
the ’F, Stark splitting give evidence of two different distri- 17 305 204 338 625 -—463 718 1115
butions of sites for the Bl ions, related to the silicate and 17 318 198 334 651 -491 793 1224
the borate portions of the glass network. This conclusion id7 332 188 345 658 523 783 1224
confirmed by the parameters obtained from a crystal-field.7 345 183 357 680 -—-559 808 1272
analysis of theéF, splitting. The existence of the two phases 17 357 173 367 717 -615 875 1382
in borosilicate glasses is confirmed using®Ews a probe 17371 166 387 718 —-644 828 1336
and the present results agree with the conclusions drawti7 379 160 392 731 -669 848 1373
from NMR and Raman measurements. The fact thaf Bsi 17 385 154 397 729 -682 830 1357
found in the silicate phase is a strong indication for the pres17 390 151 399 730 -689 828 1358

ence of sodium ions in the silicate portion of the glass, in
agreement with the modified random network theory for the

structure of oxide glass&8.At the impurity concentration _ ) 49

levels considered in the present study, no energy transféfe Eu-O mode is dominafit:

betw_een d!fferent sites occurs from tFiB_O and®D, states. ACKNOWLEDGMENT
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