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Effect of host glass on the optical absorption properties of N&, Sn?*, and Dy**
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The effect of host glass composition on the optical absorption spectra 3f, I$d7", and Dy in lead
borate glasses, with PbO contents varying from 30 to 70 mol %, has been analyzed using Judd-Ofelt theory and
the compositional dependence has been determined for the hypersensitive bands. Judd-Ofelt intensity param-
eters(), (t=2,4,6, and the radiative transition probabilities. The variationtfwith PbO content has been
attributed to changes in the asymmetry of the ligand field at the rare-eRjtlsife (due to the structural
changesand to changes iR-O covalency, whereas the variation(§ has been related to the variationRrO
covalency. The radiative transition probabilities of the rare-earth ions are large in lead borate glasses suggesting
their suitability for laser applications.

. INTRODUCTION gens, are found to be present in lead borate gld%5efor
different PbO concentrations, and it would be interesting to

The increasing importance of glasses doped with rarestudy the correlation between these structural groups and the
earth ions as possible lasing materials has created considéntensity parameters. The structural groups present in lead
able interest in the study of optical-absorption and fluoresborate glasses are shown in Fig. 1.
cence properties of rare-earth ions in glasses. Glasses are
promising hoststo investigate the influence of chemical en- Il. THE JUDD-OFELT THEORY
vironment on the optical properties of the rare earth ions.
The extensive investigations of absorption and luminesce t
properties of the Nt ,2~7 Sn** 8- and Dy**,'2 ions have
indicated that the optical properties of these rare-earth |ong

can be affected by varying the glass composition. pole in character. The quantitative calculation of the intensi-

14 .
The Judd-Ofelt theory' has been successfully used in fieq of these transitions has been developed independently by
estimating the intensities of the transitions for rare-earth

ions. This theory defines a set of three intensity parameters
O, (t=2,4,6 that are sensitive to the environment of the
rare-earth ion. From these parameters, important optical °. -4
/
properties such as the radiative transition probability for o—#

o
/ ‘ \ O—=B /
spontaneous emission, radiative lifetime of the excited states*”—\ >° g X >o < >o
B—0 0—=8]

The absorption spectra of rare-earth ions serve as a basis
or understanding their radiative properties. The sharp ab-
sorption lines arising from the f44f electronic transitions
an be electric dipole, magnetic dipole, or electric quadru-

and branching ratiogwhich predict the fluorescence inten- o—\
sity of laser transitionscan be estimated and used further to -4
examine the dependence of the spectroscopic parameters on
the glass composition. In order to increase the laser effi-

B -4 o
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ciency of a particular transition, the stimulated emission RING
cross section should be made as large as possible. It is there- 0_?_0

fore important to optimize the relation between the glass |
composition and th€), parameters and the radiative transi- ) _¢_T_°_T ° 'T_¢—
tion probability (which determines the stimulated emission °— —0 © ©

cross sectionto yield favorable spectroscopic properties for e

? METABORATE (CHAIN)

a given laser application.
g pp DIBORATE

In the present work, the effect of a lead borate matrix on
the optical properties of Nid, Snt*, and Dy*" ions is in- .
vestigated. Lead borate glasses have a large glass-forming °>_0_ A o
range(~25-80 mol % PbQ@ a high refractive index1.6— E\O _E\o
2.0), and a strong absorption in the ultraviolet rediband
are thus interesting systems in which to study the effect of
host composition on the optical properties of rare-earth ions.
Structural groups like boroxol, pentaborates, and diborates
containing three and four coordinated borons, and ring- and FIG. 1. Various structural groups present(i00x)B,0;:xPbO
chain-type metaborate groups containing nonbridging oxyglassegRef. 17.
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Judd?® and by Ofelt!* A brief outline of the Judd-Ofelt where S,y and S,,4 represent the line strengths for the in-

theory is given below. duced electric dipole transition and the magnetic dipole tran-
For a free rare-earth ion the electric dipole transitions besition, respectively.
tween two states within thef4configuration are parity for- The three intensity parametetls (t=2,4,6 are character-

bidden, while the magnetic dipole and electric quadrupoléastic of a given rare-earth iofin a given matrix and are
transitions are allowed. For an ion in a medium, the electriaelated to the radial wave functions of the staté¥ 4and the
dipole transitions become allowed because of the admixturadmixing states #'~15d or 4fN"15g and the ligand field

of states from configurations of opposite pafityr example, parameters that characterize the environmental field. They
4fN~15d) into the 4f configuration. The transition probabil- are given by the expression,

ity depends on the extent of admixture.

Q=(2t+1) > |A|2E¥(s,1)(25+1) 7L, 1=2,4,6,
S,p

The intensity of an absorption band is expressed in terms @)
of a quantity called the “oscillator strength.” Experimentally, whereAg , are the crystal-field parameters of raland are
it is given by the area under the absorption band. The oscilrelated to the structure around the rare-earth ior&(s,t) is
lator strengthf ,.,sCan be expressed in terms of the absorp—+elated to the matrix elements between the two radial wave
tion coefficienta(\) at a particular wavelengthh and is  functions of 4 and the admixing levels, e.g.d55g, and the

A. The oscillator strength

given by® energy difference between these two levels. It has been sug-
gested by Reisfefd that Z correlates to the nephlauxetic
fo_ mc f a(N)dn 1) parameteiB, which indicates the degree of covalency of the
meas™ e?N A2 R—O bond by?

where a(\)=(2.303Dy(N\)/d is the measured absorption vi—v

coefficient at a given wavelength. Do(M\) is the optical E(st)xB= , (8
density [log;¢(1/15)] as a function of wavelength, d the Vi

thickness of the sample in crm and e are the mass and wherew; and v are the transition energy of the free ion and
charge of the electron respectivetyjs the velocity of light, the ion in a glass, respectively.

andN is the number of rare-earth ions per unit volume. The |(|[U(|}|? represents the square of the matrix elements of
absorption bands in glasses are broad because of the disordke unit tensor operatots® connecting the initial and final
and are generally not pure Gaussians. It is usually a goosgtates. The matrix elements are calculated in the intermediate

approximation to use a Gaussian error ctifve coupling approximatioR® Because of the electrostatic
0 2 shielding of the 4 electrons by the closedishell electrons,
€= €mg (VTP AV (20 the matrix elements of the unit tensor operator between two

energy manifolds in a given rare-earth ion do not vary sig-
nificantly when it is incorporated in different hosts. There-
fore, the matrix elements computed for the free ion may be
used for further calculations in different media and are re-
ported by Webéf and Carnall, Fields, and Rajnak.The
reduced matrix elementg|L+29|) for magnetic dipole
m transitions are reported by Neilson and Koster.
fmeas™2.303—— 2.128%F A vy)p. ©) The line strengths for both electric and magnetic dipole
me N o . : L
transitions are related to the integrated absorption coefficient
According to the Judd-Ofelt thed®y the oscillator ~and are given by
strength of a transition between an initlamanifold (S,L)J

: : o i 8m\N
and a finalJ manifold (S',L")J’ is given by f —

where €n=Do(v)/dN.

Here, v, is the frequency of the absorption band at which
the molar extinction coefficien¢ is maximum.Aw,, is the
half bandwidth(in cm™2). Then the expression for oscillator
strength Eq(1) can be written in energy unign cm™?) as

8m’my [(n?+2)?
fea(@ad,bd’)= (235 1) on Sed™ NSal. (4)  wherey=n(n%*+2)/9 andy,, =n° are the terms that cor-
rect the effective field at a well-localized center in a medium
where of isotropic refractive index. K(\) is the absorption co-
efficient at mean wavelength N is the concentration of the
Sed (S,L)J;(S,L")J'] rare-earth ionsg is the velocity of light,h is Planck’s con-
stant, e is the electronic charge, antlis the total angular
= > Q(SL)IUD(s' LI (5) momentum of the initial state. Using the values of the inte-
t=246 grated absorption coefficient, the oscillator strenfth of
and various bands can be calculated using the expression
AR mCZ mC2
Smd (S,L)J3(S",L)J'] fea= N 2 f KON or foa=— f K(v)dv,

= > Q(SL)IL+2s|(s' L)) (6) (10
S VT ' ' wherem is the mass of the electron.
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B. Radiative transition probability for induced electric dipole 6471 n(n?+2)>2
L A 1 — 2
emission radad,bJ’) 32041 9
The (), values thus obtained from the absorption measure-
ments are further used to calculate the radiative transition X > QUS,L)IUD(S L)Y
probability, radiative lifetime of the excited states and t=2,4,6

branching ratiogwhich predict the fluorescence intensity of
the lasing transition The radiative transition probability
A.{ad,bJd’) for emission from an initial stataJ to a final
ground stateJ’ is given by®

(12

The total radiative emission probabilith(aJ) of the
S'L'J" excited state[*F5(Nd®"), *Gg(Snt'), and
6aniie? [n(n?+2)? ®H .5 {Dy>")]is given by the sum of thA{(aJ,bJ’) terms

A.dadbd)= hAETT D) 5 Set N3Sgl. calculated over all terminal statés

(11)

Ar(ad)=2>, Aadadbd). (13)
In the case of electric dipole emission, this equation becomes bJ’

2
2 z
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3 g °
2 B 5
a 2 =
o 3 .
g $ N
= = 4
o 9 2
& & B

(4

o

1 1 1 I 1 I
400 500 600 700 800 900 sP5/ o bu
Wavelength (nm) i '}3/2 L
L 1 1 1 1
400 450 500 1000 1200 1400 1600
Wavelength (pm)
Wavelength (nm)
| 4[15/2 (e)

FIG. 2. Optical absorption
spectra of (a8 Nd®*, (b) Sn?*
(high-energy region (c) Snt*
(low-energy region (d) Dy®T,
and (e Dy3* in
(100x)B,05:xPbO glasses.
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TABLE . Oscillator strengths, refractive index, density, and Judd-Ofelt parameters®f (8dmol %) in (100x) B,O3:xPbO glasses.

Oscillator strength{f X108
Transitions from

the ground state BPN30 BPN40 BPN50 BPN60 BPN70
4' 9/2 A (nm) fmeas. fcal fmeas fcal fme.sls fcal fmeas fcal fmeas fcal
‘Fap 866 2136 2145 2152 2171 2002 2022 2055 2104 2257 2309
“Fs2Hop 801 576.3 5809 6253 6287 6252 6279 6547 6540 7260 7312
AF 2 %Ss 745 4952 4925 5538 5517 5715 5699 5936 5939 6724  669.2
Fon 679 60.4 58.5 62.5 64.7 64.9 66.2 66.6 68.9 73.6 77.3
4Gy, %Gy (HST) 581 1488 1488 1435 1435 1421 1421 1486 1485 1598 1598
4K 132 G2 *G 7o 524 484.2  480.4  493.1  489.4  473.9 4706 4949  490.2 5460 5384
2Ggp,G1yn°Dgp 473 46.3 44.3 49.4 46.9 48.1 46.1 50.1 48.1 54.1 53.5
RMS deviation 0.410% 0.570% 0.319% 0.400% 0.592%
Density (g/cnT) 4.232+ 0.024 4.589+ 0.029 5.068+ 0.026 5.519+ 0.032 6.032+ 0.032
N (10?°° cm™3) 12.10+ 0.068 11.75+ 0.076 11.71+ 0.061 11.61+ 0.067 11.66+ 0.051
Refractive index 1.660= 0.01 1.723+ 0.01 1.762+ 0.01 1.812+ 0.01 1.916+ 0.01
0,%x107%% cn? 3.958+ 0.067 3.588+ 0.110 3.590+ 0.222 3.613+ 0.235 3.523+ 0.227
0,x107%° cn? 3.773= 0.009 3.501* 0.033 3.024+ 0.125 3.029+ 0.141 2.984+ 0.062
Qx10729 cn? 4.882+ 0.079 5.262+ 0.160 5.320+ 0.160 5.329+ 0.284 5.480*+ 0.225

The fluorescence branching raj#fa is given as wavelength range 200—2400 n(®0 000—4166 cm®).

A(al,bd) "
PR="Alad)

The radiative lifetimerg of the emission state is

IV. RESULTS

A. Oscillator strengths

The absorption spectra of Kitt, Sn*-, and Dy**-doped
lead borates are shown in Figs(a2-2(e). The oscillator
(15  strengths for different absorption bands of Nd s
(high- and low-energy regionand Dy** are determined us-
ing Eqg. (3) and are given in Tables |-V
For Sni*, the oscillator strengths are arranged into two
groups'! one “low-energy” group corresponding to transi-
The rare-earth-doped lead borate glass samples were prigons up to 10 700 cm'* and the other “high-energy” group
pared using appropriate amounts of PbO of Analar qualitycorresponding to transitions in the energy range 17 600—
H,BO;, of Analar grade, and rare-earth oxides of high purity32 800 cmi*. The(), parameters are calculated separately in
(99.9% These raw materials were thoroughly mixed andthe “low-"and “high-" energy regions. Since the Judd-Ofelt
melted in the range 800-1000°C. The melt was air€duation, Eq.(4), is applicable to cases where the high-
quenched by pouring it on a thick aluminum plate and cov-SPlittings are small as compared to thel energy gap, it is
ering it immediately with another aluminum plate. The NOt appropriate to use the high-energy levels for the calcula-
samples were annealed at 300—350 °C for 56 h to removéon of €. In Sm?™ the high-energy levels are close to the
thermal strains. All samples were characterized by x-raygharge transfer band, and it is not appropriate to take these
technique and were found to be amorphous. levels into calculation. It is seen th@, (low-energy regioh
The systems studied are(@ 3 Nd,0,: 97 is different from (), (high-energy regiop indicating the
[XPbO(100%)B,0;] (BPN30-BPN70, (b) 3 SmO;: 97  different behavior of the low and high levels. _
[XPbO(100x)B,0,] (BPS30-BPS7) and (¢) 1.5 Dy,Os: _For Nd_3 , Sm3 , and Dy’ all the transitions are electric
98.5 [xPbO{100x)B,05] (BPD30-BPD70 (x=30, 40, 50, dipolar with significant mtenseltles in the .o.bserved freqlljency
60, and 70 mol% 3-mol% DyOsdoped lead borate fange, except for théH 15/, °H 1), transition (3500 cm )
glasses melt above 1000 °C, and because of the limitations & Dy™, which has a very small magnetic dipolar
the furnace whose temperature cannot be raised beyorf@ntributiorf® also. However, its overall intensity is very
1000 °C, we could not prepare samples with 3-mol gpsmall and, the(efore,_ is not taken into consideration while
Dy,0;. However, with 1.5-mol % DyO;, the lead borate Calculating the intensity parameters.
glasses melt below 1000 °C, and we could successfully pre-
pare glasses doped with 1.5-mol % J®%. The sample den-
sity is measured by the Archemedes method using xylene as The best set of intensity parametd®s (t=2,4,6 (for a
the immersing liquid. The refractive index is measured bygiven rare-earth ionis obtained from the experimental os-
Bragg's reflection method using He-Ne laser as the sourceillator strengths and the calculated doubly reduced matrix
Optical-absorption measurements were made using a Hitacklements, using the expression for oscillator strength Eq.
U3400 spectrophotometer, on optically polished glasg10) by least-squares analysis. The intensity parameters de-
samples of size 85X1 mnT (at room temperatujen the  termined for Nd*, Snt*, and Dy for all the concentra-

1
RTAMR)

Ill. EXPERIMENTAL DETAILS

B. Intensity parameters
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TABLE Il. Same as Table I, but for St (3 mol %) the low-energy region.

Oscillator strength{(f x 1079
Transitions from

the ground state BPS30 BPS40 BPS50 BPS60 BPS70
6H 5/2 A (nm) fmeas fcal fmeas fcal fmeas fcal fmeas fc.sll fmeas fcal
8k (HST) 1514 58.2 56.8 39.4 37.3 47.9 45.7 50.0 47.5 41.8 39.7
®F 3 1468 120.6 122.9 105.9 108.7 112.9 116.0 112.2 115.6 112.8 115.7
6F5/z 1365 191.2 189.2 187.6 187.1 191.6 190.7 187.2 186.9 199.5 199.2
6F7,2 1221 270.1 272.2 284.7 283.0 303.2 302.0 310.1 307.3 336.1 334.1
gy 1072 173.0 171.4 178.7 180.6 194.9 196.9 200.7 203.3 220.3 221.9
5F 11 938 32.1 27.9 30.2 29.4 36.2 32.3 30.7 335 32.9 36.6
RMS deviation 1.517% 1.098% 1.402% 1.460% 1.442%
Density (g/cnT) 4.302+ 0.031 4,784+ 0.030 5.265+ 0.030 5.723+ 0.020 6.053+ 0.022
N (10° cm™3) 12.33+ 0.087 12.22+ 0.076 12.13+ 0.069 12.01+ 0.044 11.66+ 0.044
Refractive index 1.664- 0.01 1.711+ 0.01 1.809+ 0.01 1.835+ 0.01 1.923+ 0.01
Q,%x10%% cn? 2.961+ 0.203 1.878+ 0.114 2.126+ 0.110 2.164+ 0.112 1.683+ 0.089
0,x107%° cn? 5.733+ 0.251 5.575+ 0.230 5.212+ 0.191 4,999+ 0.158 5.011+ 0.189
QX102 cn? 3.247+ 0.193 3.312+ 0.190 3.361+ 0.183 3.418+ 0.175 3.474+ 0.198

tions of PbO are listed in Tables I-IV. The experimentalcn? to 3.498<10 2° cn?, reaching a minimum around 40-
errors associated with the rare-earth ion concentration, ranol % PbO, but it increases significantly beyond 40-mol %
fractive index, and sample thickness are taken into accounBbO[Fig. 3(c)].

In order to estimate the accuracy of the intensity parameters The intensity paramete?, for all the ions decreases with
obtained by the fitting, the root-mean-square deviationgn increase in PbO conteffigs. 4a)—4(c)]. For Né* and
(Srms) are calculatedsiyys is given by Snt', Qg increases from 4.88210 % cn? to 5.480<10 %°

cn? and 3.24%10 2% cn? to 3.474x10 %° cn? with an in-
crease in PbO content with a slope change at 45-50 mol %
[Figs. 5a) and §b)]. For Dy*", Qg shows a minimum at
40-mol % PbO.

RMS™ , (16)

3 (fcal_ fmeagz} 2
Efrzneas

wheref ., andf ,..care the calculated and measured oscilla- C. Hypersensitive transitions

tor strengths, respectively, and the summation is taken over The position and intensity of certain electric dipole tran-
all the bands used to calculate the parameters. sitions of rare-earth ions are found to be very sensitive to the
The intensity parametef), for Nd®*" in lead borate environment of the rare-earth ion. Such transitions are
glasses is found to decrease from 3.838 % cn? to  termed as hypersensitive transitions by Jorgensen and®3udd.
3.588<10 % cn? with an increase in PbO content from 30 The hypersensitivity of a transition has been shown to be
to 40 mol %, as shown in Fig.(8. (2, reaches a minimum proportional to the nephlauxetic rat@ which indicates the
around (45-50-mol % PbO. With the further addition of covalency of theR—O bond?? In the present work, the po-
PbO, O, increases slightly to 3.62310 2° cn? and then sitions of the peak wavelengths of the hypersensitive bands
decreases beyond 60-mol % PbO to 3828 % cn?. For  (HST) of Nd®  (*lgp—%Gs %Gy, 581 nm), Sntt
Snt*, the Q, decreases markedly from 2.9610 ° cnto  (*Hg),—°F ), 1512 nm, and DyY" (°Hygp—CF 1) 1262
1.878<10 % cn? with an increase in the PbO content and nm) are investigated as a function of glass composition to
reaches a minimum &45-50-mol % PbO[Fig. 3b)]. Be-  study the nature of thR—O bond. For Nd" the peak wave-
yond 50 mol %,, increases to 2.16410 %° cn?, and be-  length shifts towards longer wavelengths from 581 to 583.9
yond 60 mol % it decreases to 1.6830 2° cn?. The Q% nm and for SM" from 1512.5 to 1518.7 nm. There is a slope
parameter for DY initially decreases from 3.73410 2 change at 40-mol % PbO. For BY, the peak wavelength

TABLE lll. Same as Table I, but for the high-energy region.

N P 92 Q4 Q@
Sample 7 (10 cm™3) (g/cn®) (1072 ¢ (1072 cnd) (1072 cnd)
BPS30 1.664 12.326 4.302 80.435 17.12 6.600
BPS40 1.711 12.218 4,784 75.741 18.169 6.656
BPS50 1.809 12.132 5.265 67.96 18.463 6.753
PBS60 1.835 12.008 5.723 60.414 18.802 6.861
BPS70 1.923 11.662 6.053 52.927 18.997 6.945
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TABLE IV. Same as Table |, but for BY (1.5 mol %.
Oscillator strength(f X109
Transitions from
the ground state BPD30 BPD40 BPD50 BPD60 BPD70
6H 15/2 A (nm) fmeas fcal fmeas fcal fmeas fcal fmeas fcal fmeas fcal
SH 11 1672 90.9 94.1 83.1 86.9 99.9 101.3 106.4 107.4 117.7 120.4
8F 112°Hgpp (HST) 1263 431.4 431.2 408 407.8 458 457.9 473.4 473.3 504 503.9
F g2 °H72 1085 200.1 199.5 179.4 179.3 212 211.3 2135 212.9 205.5 205.8
F /2 %Hg)o 892 164.5 167.2 150.1 151.1 176.9 179.2 185.1 186.5 201.2 200.3
k), 798 84.3 79.2 75.9 71.9 88.2 85.3 93.0 90.3 103.3 1015
k) 749 13.7 14.9 11.6 135 13.0 16.1 11.8 171 13.6 19.1
Fop 470 14.8 12.8 12.4 11.4 18.9 13.7 12.2 14.4 12.2 155
A 15 451 36.9 32.8 33.2 30.1 40.1 35.2 41.3 37.4 44.6 42.3
RMS deviation 1.705% 1.441% 1.584% 1.338% 1.236%
Density (g/cnT) 4.146+0.022 4.655-0.011 5.416:0.030 5.794:0.036 6.062-0.038
N (10° ecm™3) 6.168+0.032 6.152-0.015 6.440-0.030 6.25@:0.039 5.996:0.033
Refractive index 1.6520.01 1.706:0.01 1.742:0.01 1.804-0.01 1.906:0.01
0,%x107%° cn? 3.734+0.192 3.4980.174 3.715:0.252 3.80@:0.222 4.072:0.237
0,x107%% cn? 1.320+0.059 1.126-0.066 1.265:-0.041 1.08%0.064 0.616:0.046
QX102 cn? 1.797+0.098 1.5680.083 1.7980.116 1.816-:0.103 1.8780.106

varies from 1262.3 to 1267.1 nffrigs. §a)—6(c)], and the a glass composition is also investigated. In these transitions,
variation of peak wavelength with composition shows atwo peaks are distinguished by the Stark splitting and the
minimum at 40-mol % PbO. relative intensity ratio between the peaks varied with the
The intensity(oscillator strengthof hypersensitive tran- glass composition. The peak intensities of the short and long
sitions shows a minimum value around 50-mol % PbO forcomponents are designated lasand I, respectively. An
Nd*" and around40-45-mol % PbO for SM" and D)f“r increase in the intensity ratig/l g is found to indicate a shift
(Tables I-IV) indicating a low asymmetry of the crystal field of the center of gravity of the absorption spectra to longer
at the rare earth site at these compositigfigs. 1a)—7(c)]. wavelengths?! This indicates an increase in the covalency of
To monitor the covalency of the NdO bond in the glass the Nd—O bond. Krupké? has pointed out that the transition
matrix, the variation of the spectral profiles of the transitionsintensities of *l g/,—*Geg/», G-/, and 4Ig,2—>4F7,2,4S3, are
4 91— "G, 2Gjp (HST) and®l gp— 4F 7/, 4S5, of Nd®" with  determined mainly by theQ,|(JU?|)* and QG|<||U%6)||>|2

45 4.0 40 7.0
Nd* @ sm* (b) Nd®** @ sm* (b)
35 .
~ 40 { P ~ 36 ~ 60
E £ 30 5 g
hrd & 25 = =
G 35 { \ G | | SV G 50 } l
2.0 { } } !
- 15 . y
3050 50 70 30 50 70 285 50 70 0% 50 70
PbO (Mol%) PbO (Mol%) PbO (Mol%) PbO (Mol%)
45 a 3
" N
Dy (© 14 {Dy (©
- 40 - 12 {
£ E }
o o
E I e 0
d ad
35 l 0.8
06 }
3.0 30 50 70 30 50 70

PbO (Mol%) PbO {Mol%)
FIG. 3. Compositional dependence 6, parameters of(a)

FIG. 4. Compositional dependence &%, parameters of(a)
Nd®*", (b) Snt*, and(c) Dy** in (100x)B,053:xPbO glasses.

Nd®*, (b) Sn?™, and(c) Dy** in (100x)B,03:xPbO glasses.
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6.0 3.8
Na®* @ sm* (b) 1600\ gee () (b Sm
B 5 5
g 1550 g
~ 55 - 2 £
K i 4 :
2 % R } } 5 1500 2
3 s 2 3 45
d s d ] 5 5
. { T 1450 3
© 3
45 3.0 1400 30 50 70 3 30 50 70
e PbO?r:I ) " - Pbo?& 1) " PbO (Mol%) PO (Mof%)
0l% 01%!
2.2
Dy {c) oy o
%
I
2 480
z Z
: )
& 18 g
g 2 a0
° 3
(o]
14 400 30 50 70
® - i PbO (Mol%})
PbO (Mol%)
FIG. 5. Compositional dependence &f; parameters ofa) FIG. 7. Compositional dependence of the oscillator strength of
Nd®*, (b) Snt*, and(c) Dy** in (100x)B,05:xPbO glasses. the hypersensitive transitions ) Nd®" (*1g/,—*Gs5,2G)), (b)

Sn?* (°Hgp—°Fyp), and (9 Dy*" (°Hisp—®Fiyp) in
terms, respectively. Therefore, from the relationship betweeff:00%)B203:xPbO glasses.
the intensity parameters and relative intensity réatid g in
- - shows the spectral profile of the transititig,— *F,,*S;

these transitions, the effect of the N@ bond on the inten- > pe p SILOI 72 32
sity parameters can be obtained. of Nd** for different PbO concentrations. The relationship

In lead borate glasses, the Stark splitting of the transitioPetween the intensity paramet®%; and the intensity ratio
41 91p—*Gg,°Gpp is not well resolved. Hence, the depen-I./Is (Is=742 nm and =749 nm) is shown in Fig. 9. The
dence of(), on the intensity ratid, /1 g is not clear. Figure 8
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FIG. 9. Variation of()g with intensity ratiol /I 5 of the transi-
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intensity parametef)g increases with increase in intensity

ratio |, /15, indicating an increase in covalency of N®
bond.

D. Radiative transition probability and branching ratios
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BO, units and Pb@ units, which results in increased inter-
action between the rare-earth ion and the charged nonbridg-
ing oxygen atoms(NBO'’s). NBO'’s are formed after 35-
mol % PbO and increase with PbO contéha similar shift
of the peak wavelength of the hypersensitive transition of
Nd®* to longer wavelengths has been reported in halide com-
plexes[Ndl; (g), NdBr; (g), Ndi; (1), Ndl; (s), and Nd
(ethylene diamine tetra acetic agid by Henrie and
Choppin®! The degree of covalency of the NeéD bond in
these complexes increases in the ordexBi<I.

The dependence of the intensity paramégron the in-
tensity ratiol /15 of the transition*l g/, *Gg,,°G), could
not be ascertained because of the poor resolution of the
crystal-field split levels, whered3; is found to increase with
I /I 5 of the transitiorfl g;,— *F 75, *S5/,. An increase ifl /1 5
indicates an increase in the covalency of the-Nd bond.
Thus g is an indicator of the covalency of te—O bond.
Similar behavior for(Q)g is observed in N#-doped alkali
silicate and alkali borate glasses afso.

B. Intensity parameters

1. Variation of ©, parameters of N&* and Sn¥* in lead borate
glasses

In lead borate glasses, the covalencyRef-O bond in-

Using (), parameters, the radiative transition probability creases with an increase in PbO content as indicated by the
Arag for spontaneous emission, radiative lifetime of the ex-ghjft of the hypersensitive bands towards longer wavelengths

cited state from where fluorescence is observed, and branc

ing ratios of Nd*, Sn¥", and Dy*"
sented in Tables V-VII for th&F 5, “Gs),, and*Fg, levels,

Bnd the increase in the intensity ratio of the transition

are calculated and pre- 4 _.4F_, 4s,. with PbO content. This implies tha(s,t)

increases with PbO content. The intensity param&gfor

respectivelyA,q, which depends on the intensity parametersng®+ and Smi* initially decreases with an increase in PbO

and the refractive inder of the host material via the local contentFigs. 3a) and 3b)] and reaches a minimum around
field correction, is found to increase with PbO content, with(45_50-mol %, PbO, indicating thaf , alone is respon-

P
a slope change arourd5-50-mol % PbO for all the three  jpje for the decrease db,. The addition of PbO to B,

ions[Figs. 1Ga)—10(c)].

V. DISCUSSION

A. Hypersensitive transitions and theR—O covalency

converts three coordinated boron ato(Bs) to four coordi-
nated boron atomgB,) resulting in the conversion of
boroxol units to pentaborate grouifsThe fraction ofB, in
the form of diborate units is maximum arourid5-50-
mol % PbO. At this compaosition the asymmetry of the ligand

In lead borate glasses, the shift of the peak wavelengths dield at the rare-earth site is less. This is also indicated by the

the hypersensitive bands of Rid (580 nm), Sn" (1512

lower oscillator strengths of the hypersensitive transitions of

nm), and Dy** (1262 nm towards longer wavelengths with Nd®** and Sni* [Tables | and I]. It has been proposétthat

an increase in PbO contefFigs. Z2a)-2(e)], because of

in oxide glasses a rare-earth ion is surrounded by eight

nephlauxetic effect indicates that the degree of covalency neighboring oxygen atoms belonging to the corners 0§, BO
of the R—O bond increases with PbO content. This is be-PbQ,, or any glass-forming tetrahed(kig. 11). Each tetra-
cause of the tightening of the structure with the formation ofhedron donates two oxygen atoms, forming an edge of the

TABLE V. Radiative transition probabilitj,,q, radiative lifetimer, and branching ratiogg of Nd®" in (100x) B,0sxPbO glasses.

- BPN30 BPN40 BPN50 BPNG60 BPN70
Transitions
from v A Br A Br A Br A Br A Br
A5 (em™  (sechH (sec’}) (sech) (sec’h) (sec’h)
Yo 5450 170 0005 200 0005 220 0006 240 0006 310  0.006
N 1o 7515 33 0101 401 0107 436 0113 481 0113 609  0.114
Yoo 9515 1656 0506 1953 0520 2069 0534 2279 0534 2872  0.538
4 92 11 392 1270 0.388 1381 0.368 1344 0.347 1481 0.347 1825 0.342
SA (sec)) 3273+35 3754+12 387158 4265+125 5336-219
TR (useq 3064 266+1 258+4 234+8 1878
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TABLE VI. Same as Table V, but for St.

. BPS30 BPS40 BPS50 BPS60 BPS70
Transitions
from v A Br A Br A Br A Br A Br
4Gy (cm™Y)  (sec’) (sec’h) (sec’h (sec’h (sec’h
6|:9/2 8700 2.2 0.004 1.8 0.003 2.3 0.004 2.4 0.004 2.4 0.003
6F7/2 9900 4.4 0.009 4.7 0.009 5.3 0.009 54 0.009 6.4 0.009
6F5/2 10 800 16.9 0.034 14.0 0.027 17.0 0.029 18.0 0.030 18.0 0.026
6F3/2 11 300 2.2 0.004 1.5 0.003 2.1 0.004 2.2 0.004 2.0 0.003
H a0 12 900 5.0 0.010 55 0.011 6.8 0.012 7.0 0.012 9.0 0.012
SHyy 14300 470 0096 506 0101 580 0099 590 0098 710  0.100
Heyo 15 600 134 0.274 123 0.246 150 0.254 155 0.256 169 0.241
H 772 16 800 166 0.339 180 0.360 211 0.357 217 0.357 259 0.368
H 5/2 17 854 112 0.229 120 0.240 138 0.234 140 0.231 167 0.237
SA (sech 489+20 502+20 59021 608t20 70328
7R (useq 2043+92 1993-84 169465 1646-56 142358

cube. This implies that arourid5—50-mol % PbO the sym- The addition of PbO to BD; converts B to B,. The increase
metry of the crystal field is high at the rare-earth-ion site. in BO, units by the addition of PbO leads to the closer pack-

With the further addition of PbO up to 65 mol %, back ing of oxygen atoms, which in turn increases the covalency
conversion of B to B; with the formation NBO's takes of the R—O bond. (2) The nonbridging oxygen atoms
place, which leads to an increase in the distortion of theNBO's) are formed beyond 35-mol % PbO with the forma-
ligand field at the rare-earth site and covalency offeO  tion of metaborate groups. They persist until 70-mol % PbO.
bond. Hence, in this region bof(s,t) andAs , are respon-  Since NBO's possess a negative charge, the electrostatic at-
sible for the increase df),. Beyond 65-mol % PbOX), de-  traction between NBO's and rare-earth ions is strong, which
creases, indicating a decrease in the asymmetry of the crystlads to the attraction of NBO's closer to the rare-earth ion.
field at the rare-earth site. In this region, the majority of theThjs increases the overlapping of ligand orbitals and the 4
oxygen atoms are NBO's, leading to a more ordered environgrbitals and, hence, the covalency.
ment around the rare-earth ion. On the other hdpgn-
creases with an increase in PbO content, indicating that
E(s,t) is responsible for the increase. This implies thgtis
an indicator ofR-O covalency{Figs. 5a) and §b)]. The intensity parametef), initially decreasesFig. 3(c)]

The magnitude of), is small in lead borate glasses com- but increases beyond 40 mol %. This implies tif&f is
pared to other boratéand tellurites’® In lead borate glasses, mainly dependent o (s,t) rather than oA , beyond 40
the high polarizability of the Pb ions and the directional andmol %. As 4f electrons in the rare-earth atoms are well
covalent nature of the PbO bond induce a more symmetric shielded by the outerssand 5 shells, the effective nuclear
crystal field on the rare-earth ions. This reduces the mixingharge increases with increasing atomic number from Nd to
of opposite parity electronic configurations, which are re-Dy, causing a reduction in the size of thé 4hell and a
sponsible for the spectral intensities. decrease in atomic or ionic radius from Nd to DQiyto 0.91

The intensity parametes, which is an indicator of the A). Consequently, the Dy-O distance is smaller than the
covalency of theR—O bond, is affected by two factorél) Nd-O or Sm-O distances. This leads to an increase in the

2. Variation of Q, parameters of Dy* in lead borate glasses

TABLE VII. Same as Table V, but for DY .

. BPD30 BPD40 BPD50 BPD60 BPD70
Transitions
from v A Br A Br A Br A Br A Br
Fg— (cm™Y) (sech) (sec’h (sec’}) (sec’h (sec’h)
54 15/2 21 237 167 0.220 159 0.213 199 0.221 223 0.219 268 0.214
4 13/2 17771 504 0.667 505 0.674 600 0.667 681 0.670 851 0.678
5H 11/2 15 444 47 0.062 48 0.064 56 0.062 64 0.063 81 0.064
54 9/2 13585 13 0.017 12 0.016 15 0.016 17 0.016 20 0.016
6H.,, 12162 14 0.018 13 0.017 16 0.018 17 0.017 18 0.014
54 5/2 11108 3 0.004 3 0.003 3 0.003 3 0.003 3 0.002
oF., 10252 4 0.005 4 0.005 4 0.005 5 0.005 5 0.004
5H 5/2 8 845 5 0.007 5 0.007 6 0.007 7 0.007 9 0.007
SA (sec‘l) 755+30 749+25 899+40 101510 1254+50

TR (useq 1324+45 1336:46 1112+52 985-40 79734
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nephlauxetic effect, and an increase @5. (g shows a
minimum at 40-mol % PbO and then increadsse Fig.
5(c)]. The reason for the minimum in the variation 9§

with the PbO content is not immediately obvious.
Thus, in N&*- and Sni*-doped lead borate glasses, bothand probable lasing transitions of the rare-earth ions are as

A p andE(s,t) play an important role in the variation 6f,
with PbO content, while in DY/ -doped glasses onlE(s,t)
is dominant in determining(),.

E(s,t) for all the three ions.
Generally, it is observed that in silicate and borate
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while Qg depends only on the nephlauxetic effect. On the
other hand, in phosphate glasses all the three parameters de-
pend strongly on the ionic radius of the modifer.

C. Radiative transition probability for electric dipole emission
and branching ratios

The variation ofA,,4 with PbO content indicates an in-
creasing order around the rare-earth ion(48—50-mol %
PbO. The large radiative transition probability in lead borate
glasses arises from the large refractive index of the host
glass. The refractive index of the lead borate glasses in-
creases with an increase in PbO content frerh.6 to ~2
(see Tables I-I)l The stimulated emission cross sectiens
(Ref. 1) of the fluorescence lines of rare-earth ions can be
calculated usindh 4. Because of the strong dependence of
A4 On the refractive indexg could be quite high for the
lasing transitions of the rare-earth ions in lead borate glasses.

The large stimulated emission cross sections are attractive
features for low-threshold, high-gain applications and are
utilized to obtain cw laser action. In tellurite glas¥edoped
with Nd®** the radiative transition probabilities are large and,
hence, so are the stimulated emission cross sections. Laser
action has been observed in these systems. The radiative
transition probabilities in lead borate glasses are of the order
of those reported in tellurite glasses, and, hence, lead borate
glass can be a potential laser host material. In lead borate
glasses, large quantities of rare-earth ions can be doped and,
therefore, can be utilized for high-concentration minilasers.

The branching ratio@g are evaluated for each transition

shown in Figs. 1&a)—12(c). The branching ratios of the las-
ing transitions are high compared to other transitiqSee

Qg mainly depends on Tables V-ViIl)

. . S+ ; sm® g
glasses;>"*"%8Q), is determined by the asymmetry of the Nd v (em) Gy " v ol
ligand field at the rare-earth site and the nephlauxetic effect, ** nas

O oxygen
4
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FIG. 12. Lasing transitions ofa) Nd®" (*F3,—*111), (b)

FIG. 11. Proposed rare-earth-site mo¢Réef. 35.

SrTFJr (4G5/2*>6H 7/2), and (C)
(100x%)B,03:xPbO glasses.
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VI. CONCLUSIONS The variation of the intensity paramet@g with PbO con-
+ + ;
Using the Judd-Ofelt theory, the three intensity param-tent for N&'™ and Srii" implies that both asymmetry of the

eters, spontaneous emission probabilities, and radiative Iife(EryStaI field at the rare-earth site and nephlauxetic effect play

times of N&*, Sm#*, and Dy ions doped in lead borate an important role in determining the intensity, whereas in

3+_ ; ;
glasses are determined. The changes in the position and tf? doped glasses, nephlauxetic effect plays a dominant

intensity parameters of the transitions in the optical-r ﬁ'-he radiative emission probability for the Ridion is as
absorptio_n specira of the ions are correla'_[ed to the StrUCtur%Iigh as in tellurite glasses, which have been used as laser
gir:i&\l/gggzr:g;hsf hﬁg} g(LfZ_r,n‘?(t;rg',ZQEZ;Sglgfgtlofntmh? 2?:55 rS€MKost material. This indicates that the lead borate glasses may
(6H5/z—>6F1/2; 1512 nm), and Dy * (6H15,2—>6F11,2; 1262 also be useful as laser materials.

nm) shows that the covalency of tHe—O bond increases
with an increase in PbO content, because of the increased
interaction between rare-earth ions and nonbridging oxygen
atoms. The variation of the spectral profile of the transition The authors gratefully acknowledge Professor Y. V. G. S.
4 o— *F 2S5y also indicates an increase in the covalencyMurthy for extending the experimental faciliies and for
of the R—O bond. fruitful discussions.
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