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ABSTRACT

Zinc Bismuth Borate glasses doped with Holmium was prepared by normal melt quenching technique. Optical
absorption and photoluminescence spectra of these glasses have been recorded at room temperature. The observed
spectra have been analysed on the basis of Judd-Ofelt theory. From this theory various radiative properties such as
radiative transition probability, branching ratio, radiative life time and stimulated emission cross-section for the
prominent emission levels 5Fs—5ls, F4+—°Is, 552—5%Is and °Fs—°Is have been evaluated.

Keywords: Judd-Ofelt parameters, Radiative life-time, branching ratio, stimulated emission cross section, Ho*" doped glasses.

INTRODUCTION

Spectroscopy of the lanthanides or rare-earth ions (RE*")
built-in in different dielectrics (crystalline or amorphous
glass host matrices) has been one of the most attractive areas
of solid-state research since the first demonstration of lasing
action in Nd-doped glass by Snitzer in 1961.) The
applications of RE*" ions are now extended to nearly all
important fields of technology. Photoluminescence of Ho®",
Nd**, Dy** and Sm** ions are investigated for application in
high-energy particle detector, biomedical lasers, optical data
storage, bar-code reading, laser printing, underwater and
satellite communication, environment friendly solid- state
lighting, etc®*. Even though the 4f electrons of RE** ions are
shielded by the 5s and 5p electrons, the spin-orbit
interactions (depending on the number of 4f electrons) exert
much influence on the positions of their electronic energy
levels. The characteristic emission properties of different
RE* ions ultimately take place due to electronic transitions
among these energy levels. The surrounding ligand-field or
the host matrix incorporating the RE®*" ions also exerts a
significant influence on the lasing properties®.
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In current years large emphasis has been given to the
discovery of new HMO glass compositions for exploitation
as RE-doped luminescent hosts. Glasses having bismuth
oxide have attained great attention, since they are used in the
wide area of applications. The obtained glasses are
characterized by high density, high refractive index,
extended transmission in mid-IR, high dielectric constant,
etc. Hence there has been a growing interest in the synthesis
and investigation of microstructure and physical properties
of heavy metal oxide (HMO) glasses containing bismuth
oxide as a major component. Bismuth oxide (Bi,O3) based
glasses for their high polarizability have attracted much
attention of glass researchers because of their nonlinear
optical properties being important for the development of
optical information processing technology ®®. Bismuth oxide
cannot be considered as a 3glass network former due to low
field strength (0.53) of Bi** ion. However, in combination
with B,Os glass former it is possible to obtain glasses in a
relatively large compositional ranges. A survey of literature
shows that there are many reports available on ternary
bismuth borate glasses®'°. The properties of the glasses are
closely related to inter-atomic forces and potentials in lattice
structure. Thus any change in the lattice due to doping can
be directly being noticed. Ho®*" ion, yet another interesting
ion which exhibits eye-safe potential laser emission even at
room temperature with a low threshold action has been
chosen for doping in zinc bismuth borate glass network.

The aim of this investigation is the study of optical
absorption and fluorescence spectra of Ho®*" doped ZnO-
Bi,0s;-B,0; glasses and to apply the Judd-Ofelt theory for
f—f transitions of Ho®* ion and to evaluate various radiative
properties like transition probability, radiative life times of
various excited states and emission cross-sections of various
emission levels.
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JUDD-OFELT THEORY

The absorption spectra of rare earth ions serve as a basis
for understanding their radiative properties. The sharp
absorption lines arising from the 4f-4f electronic transitions
can be electric dipole, magnetic dipole or electric quadrupole
in character. The quantitative calculation of the intensities of
these transitions has been developed independently by Judd
and Ofelt. A brief outline of the Judd—Ofelt theory is given
below:

For a rare earth ion, the electric dipole transitions between
two states within the 4f configuration are parity forbidden,
while the magnetic dipole and electric quadrupole transitions
are allowed. For an ion in a medium, the electric dipole
transitions become allowed due to the admixture of states
from configuration of opposite parity (for example 4" 5d)
into the 4f configuration. The transition probability depends
on the extent of admixture. The intensity of an absorption
band is expressed in terms of a quantity called the “oscillator
strength”. Experimentally, it is given by the area under the
absorption band and can be expressed in terms of the
absorption coefficient, a(k) at a particular wavelength A
and is given by*":

meZ  a()

fex t = I—d)\. (1)
P N A2

where a(A)= (2.303)0D(A )/d, OD(A) is the optical
density, d is the thickness of the sample, m and e are the
mass and charge of electron, respectively, c is the velocity of
light and N is the number of rare earth ions per unit volume.

According to the Judd-Ofelt theory®, the oscillator
strength of a transition between an initial J manifold (S, L, J)
and a final J' Manifold (S', L', J') is given by:
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Where
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And
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Seq and Sy,g represent the line strengths for the induced
electric dipole transitions and the magnetic dipole
transitions, respectively.

The three intensity parameters, o, (A= 2, 4, 6) are
characteristic of a given rare earth ion (in a given matrix)
and are related to the radial functions of the state’s 4", the
admixing states 4f¥'5d or 4f''5g and the ligand field
parameters that characterize the environmental field. These
are given by the expression:
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Q=024+ % |A5’p|232(s,ﬂ)(25 +1)2,2=2,4,6 (3)
sYp

Where, A, are the crystal field parameters of rank s and are
related to the structure around the rare earth ion. =(s,2) is

related to the matrix elements between the radial wave
functions of 4f and admixing levels, e.g., 5d, 5g and the

{8

the square matrix elements of the unit tensor operators U(’l)
connecting the initial and final states.

2
energy difference between two levels. represents

The matrix elements are calculated in the intermediate
coupling approximation™. Due to the electrostatic shielding
of the 4f electrons by the closed 5p shell electrons, the
matrix elements of the unit tensor operator between two
energy manifolds in a given rare earth ion do not vary
significantly when it is incorporated in different hosts.
Therefore, the matrix elements computed for the free ion
may be used for calculation in different media and are
reported by Weber et al.** and Carnall et al.'>. The reduced
matrix elements (|L +2s||) for magnetic dipole transitions are
reported by Neilson et al.'®. The values of ¢ obtained from
the absorption measurements are used to calculate the
radiative transition probability, radiative lifetime of the
excited states, branching ratio (which predict the
fluorescence intensity of the lasing transition) and stimulated
emission cross-section. The radiative transition probability
Arad (aJ,b3’) for emission from an initial state aJ to a final

432

bJ"is given by'":
2
2
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Arad (ad,b37)=

In case of electric dipole emission, this equation becomes:
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The total radiative emission probability, At (aJ) of the
excited state SLJ is given by the sum of the Ay (aJ,bJ)
terms calculated over all terminal states b

AT (ad)= ¥ Arad (a3 ,b3") (6)
bJ’
The fluorescence branching ratio £ is given as:

_ Arad (ad,bJ)

Br (7)

A (ad)
The radiative lifetimes of the emission state is:
1
_— 8
or AT(aJ) (8)
Finally, the stimulated emission cross-section of the

fluorescent level is given by:

2p*Arag (23,63
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(9)
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where Ap is the wavelength of the fluorescence peak and AA
is the line width obtained by dividing the area of the
emission band by its average height. The large value of
stimulated emission cross-section and high branching ratio
determine the suitability of the materials for good optical
devices.

EXPERIMENTAL DETAILS

Glasses having compositions 20ZnO-xBi,O3-(79-5-
X)B,03 (15<x<35, mol %) doped with 0.5 mol% of Ho®* ions
were prepared by melt quench technique. Appropriate
amount of chemicals (ZnO, Bi,0s, B,03; and Ho,03) having
purity above 99.99% were weighed on 0.001% accuracy and
mixed thoroughly. The raw mixed materials were melted in
a muffle furnace in air (at 1373K for 0.5h). The crucible was
shaken frequently after every 10 minutes for the
homogeneous mixing of all the constituents. The melt was
quenched at room temperature by pouring between two
stainless steel plates. The samples were polished for spectral
and other investigations.

The density (D) of all the glasses was measured by using
Archimedes principle with xylene as immersing liquid. The
relation used is

D(gm / cm3j = V\/W—aWb Dy (10)
2

where W, is the weight of glass sample in air, W,, is the
weight of glass sample when immersed in xylene and Dy is
the density of xylene (0.86 gm/cm?). The refractive index (n)
of the prepared samples was measured by the Brewster angle
method using He-Ne laser (633 nm). The optical absorption
spectra of all the polished samples were recorded on a
Varian-Carry 5000 spectrophotometer in the range 300-3200
nm. The emission spectra were recorded using Cary Eclipse
fluorescence spectrophotometer with Xe arc lamp as the
excitation source at wavelength of 405nm.

RESULTS AND DISCUSSION
4.1 Physical properties

From the measured values of density (D), molar volume
(Vm) and refractive index (n), various other physical
parameters such as Ho®" ion concentration (N), dielectric
constant (g), reflection loss (R.) of these glasses are
evaluated using the conventional formulae and are presented
in Table 1. Accordingly, density responds to variations in

glass composition sensitively in technological practice.
Density of glass, in general, is explained in terms of a
competition between the masses and size of the various
structural groups present in glass. The values of D as well as
Vv and various other parameters are found to increase with
increasing Bi,O; content in the glass systems. This is an
expected result as the heavy metal oxide (Bi,O3) replaces the
lighter oxides (B,O5).

4.2 Absorption spectra analysis:

The absorption spectra of 0.5 mol% of Ho** doped zinc
bismuth borate glasses in UV-VIS and NIR regions are
shown in Fig. 1. The assignments of the absorption bands
originating from the ground level °l; to various excited
levels within the 4f shell are also shown in Fig. 1. The
absorption spectra contains various bands and are assigned
to the transitions °l3_°Gs (416nm), °Gs (450nm), °F
(484nm), °F, (538nm), °Fs (642nm). The identification and
assignment of energy levels are made as per the procedure
outlined by Carnall et al.”. The experimental oscillator
strengths (fep) Of the absorption transitions originating from
the ground level of a rare earth ions have been evaluated by
measuring the integrated areas under the absorption bands
from the absorption spectrum. The J-O theory has been
applied to the experimentally evaluated oscillator strengths
to find the J-O intensity parameters €, (A = 2, 4 and 6) by
the least square fit analysis.
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Figure 1. Optical absorption spectra of Ho®* ions in
20Zn0.xBi203.(79.5 - x)Bp03.0.5H0p03 glass

Table 1 Density (D), molar volume (V)s ), no. density of Ho* ions(N), refractive index(n), dielectric constant(s),
reflection loss (R|_) for 20Zn0.xBip03.(79.5 - x)B203.0.5H0203 glasses.

Sample  x(mol%)  D(g/cm®)  V,,(cm®/mol) N(lozoions/cmsj e(?) R (@)(n-1)/(n+1)f
code

ZBBH1 15 431 30.86 2.93 164 269 5.87

ZBBH2 20 4.68 32.63 2.77 170 2.89 6.72

ZBBH3 25 4.85 35.55 2.54 172 296 7.01

ZBBH4 30 5.35 35.95 2.51 176  3.09 7.58

ZBBH5 35 5.46 38.88 2.32 1.80 3.24 8.16
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The J-O parameters thus evaluated are used to calculate
oscillator strength (f.y) and such calculated oscillator
strengths are given in Table 2 along with experimental
oscillator strengths. From the absorption data, it is seen that,
transition °l5_,°Gs (416nm) gives a sharp peak for 15<x<20,
mol % and then disappeared for x > 25, mol %, it may be
due to high polarizability of bismuth. The similar pattern has
been seen in Ho®* doped lead zinc borate glasses **.Among
the various absorption transitions of the Ho®* ion, the
%15—°Gg (450 nm) is known as hypersensitive transition *°.

They are very sensitive to the host environment of the rare
earth ion and these transitions obey the selection rules |AS| =
0, |AL| < 2, |AJ| < 2. The Judd- Ofelt parameters of Ho*"
doped zinc bismuth borate glasses have been calculated and
compared with other Ho®*" doped hosts and are summarized
in Table 3. From Table 3 it is observed that the intensity
parameters Q, (A =2, 4 and 6) for the present system follow
the trend Q, > Q, > Qg which is similar to the behaviour
observed in ZnAlIBiB %, lead- zinc- borate®® glasses, Nd**
doped zinc bismuth borate glasses.”

Table 2 Oscillator strength for some transitions from the indicated levels to the ground level °lg, and their root mean square
(6rMs ), which indicates the fit quality of theoretical and experimental results for 20Zn0.xBip03.(79.5— x)B203.0.5H0203

glasses.
Transitions from A Oscillator strength (f x 107)
ground level —°lg  (nm)

ZBBH1 ZBBH2 ZBBH3 ZBBH4 ZBBH5

fimeas feal fimeas feal fimeas feal fimeas feal fimeas feal

5Gs 416  9.93 994 8.03 8.88 - - - - - -

°Ge 450 27.74 2784 3582 3584 6245 6246 76.49 76,50 107.79 107.79

°F, 484  3.45 3.52 6.23 6.43 1823 18.67 18.05 1895 2143 27.57

°F, 538  7.79 7.98 9.43 108 3244 3250 1995 230 30.88 34.7

°F5 642  7.65 8.10 10.24 1055 19.39 1960 1391 1438 27.91 29.3

Orms(107) 0.77 1.71 0.67 4.81 5.00
Table 3 Judd-Ofelt intensity parameters (Q,, €4, Qg) of Ho* ions doped glasses.
Glass Qz(xlo‘zocmz) Q4(x10‘2°cm2) Q6<><10‘2°cm2) Q,/Q

ZBBH1 2.09 1.91 1.54 1.24
ZBBH2 3.37 1.43 1.07 1.33
ZBBH3 3.43 1.32 1.21 1.09
ZBBH4 4.30 1.22 1.13 1.07
ZBBH5 4.32 1.16 1.09 1.06
ZnAlIBiB glass 5.58 2.59 0.40 6.47
Lead-zinc borate glass 5.26 4.13 2.48 1.66
ZBBNL1 glass 3.15 1.57 1.53 1.03

It is the fact that magnitude of Judd- Ofelt intensity
parameter is related to the physical and chemical properties
such as viscosity and covalent nature of the chemical bonds.
In glasses, the rare earth ions are randomly distributed over
nonequivalent sites with a large distribution in the crystal
fields. From Table 3 it is observed that Q, parameter is high.
The Q, parameter depends generally on the asymmetry of
the sites in the neighborhood of rare earth ion. The higher
the Q, parameter the higher is the degree of asymmetry
around the rare earth ion and stronger the covalency of rare
earth ion-oxygen bond. The intensity parameters Q4 and Qg
are associated to the bulk properties such as viscosity and
dielectric of the media and are also affected by the vibronic
transitions of the rare earth ions bound to the ligand atoms?
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and are not as much sensitive to the medium in which the
ions are located.

4.3 Fluorescence spectra analysis:

Fig. 2 shows the fluorescence spectra of Ho®* doped zinc
bismuth borate glasses recorded at room temperature in the
wavelength region 400-800 nm, under the excitation
wavelength, Ae =405nm. From the emission spectra four
transitions, i.e. °Fa—°lg, *Fy—°lg, °S,—°lg, “Fs—°lg are
observed nearly at 436, 501, 561 and 698 nm, respectively.
The assignment of the peaks to specific transitions has been
made on the basis of known energy levels of Ho®* ions as
reported by Dieke 2. The fluorescence peak due to the
transition °F,—°l5 appears to be intense than others. From
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the fluorescence spectrum various parameters such as
radiative transition probability (Arg), branching ratio ( gy ),
stimulated emission cross-section (&) and the radiative life
time of excited state (.), etc. are calculated and these
parameters are presented in Table 4.
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Figure 2. Emission spectra of Ho®*" ions in
20Zn0.xBip03.(79.5 - x)Bp03.0.5H0903 glass (Aexc =
405nm).

It shows that the radiative transition probability increases
with increase in Bi,O3 content in the host glass. The trend
observed in the present study follows the same pattern as
reported by Sanghi et al. % in Er** ion doped zinc bismuth
borate glass. For laser applications, the values of the
emission cross-section are of great interest. A large
stimulated emission cross -section is benefit for a low
threshold and a high gain in laser operation. For calculating
the stimulated emission cross-section, first the effective band
width Az has been calculated using the formula®:

(e
M= 00)

where [i(2)da represents the effective area of the peak and |

(Ag) is the intensity of the peak at Ao. The stimulated
emission cross-section has been calculated using Eq. (9) and
are listed in Table 4.

It is observed that o increases with increase in Bi,O4
content. Therefore, the large stimulated emission cross-
section in the present glass is an attractive feature for low-

28000 -
| 403nm
24000 { &
] 436nm E
0000 561am 301nm o
-~ . "%, °Fy
E 5000 - 698nm F
? 2000 -
& _
8000 -
4000 -
0 3  J :-Is

Hog_
Figure 3. Lasing transitions of Ho®*" ions in zinc bismuth
borate glasses.
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threshold, high gain applications and can be utilized to
obtain continuous wave (CW) laser action. The branching
ratios are also evaluated for each transition. Fig.3 describes
the emission transitions in terms of energy level diagram.

CONCLUSIONS

From the present study it is concluded that with the
increase in bismuth content in the glass composition the
density, molar volume and refractive index of the medium
increases. The optical properties of Ho*" ions doped zinc
bismuth borate glasses have been studied. With the help of
Judd-Ofelt theory, effect of bismuth oxide on the absorption
and emission spectra were investigated. The variation of
Judd-Ofelt intensity parameters are discussed and correlated
to the structural changes in the glass network. Out of three
Judd-Ofelt parameters (£,), the Q, parameter shows the
covalent nature of the prepared glass and | t increases with
the increase in Bi,Os content in the host glass The radiative
properties like radiative transition probability, radiative life
time, branching ratio and stimulated emission cross-section
in the present glasses have been determined. The large
stimulated emission cross-section in the present glass is an
attractive feature for low-threshold, high gain applications
and can be utilized to obtain continuous wave (CW) laser
action. Based on the physical and spectroscopic properties
of these glasses it could be suggested that the Ho** doped
zinc bismuth borate glasses is a suitable candidate for red,
near infrared and mid infrared laser and also for optical
amplification.
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