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Abstract

Spectroscopic properties of Er3+ ions in different chlorophosphate glasses 50P2O5–30Na2HPO4–19.8RCl (R=Li,
Na, K, Ca and Pb) are studied. The direct and indirect optical band gaps (Eopt) and the various spectroscopic
parameters (E1, E2, E3, and �4f and �) are reported. The oscillator strengths of the transitions in the absorption
spectrum are parameterized in terms of three Judd–Ofelt intensity parameters (�2, �4 and �6). These intensity
parameters are used to predict the transition probabilities (A), radiative lifetimes (�R), branching ratios (�) and
integrated cross sections (�) for stimulated emission. Attention has been paid to the trend of the intensity parameters
over hypersensitive transitions and optical band gaps. The lifetimes and branching ratios of certain transitions are
compared with other glass matrices. 
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1. Introduction

Solid state lasers have been employed in a wide
variety of industrial and other applications.
Glasses are attractive material for these applica-
tions, as they can be cast in large and optically
homogeneous pieces. The spectroscopic properties
and possible laser action in phosphate glasses
have been a subject of many studies [1–4]. Er-
bium doped glasses are especially attractive for
numerous applications such as eye-safe laser me-
dia [5] and as fiber amplifiers in long range

telecommunications [6–8]. The first Er3+ doped
glass laser utilizing the 4Il3/2�4I15/2 transition at
1.5 �m was demonstrated by Snitzer and Wood
Cock in a silicate glass [9]. The demonstration of
the laser at this wavelength attracted attention
since it is located in the ‘eye safe’ spectral region
and could be detected easily [10–12]. Optical tran-
sitions and frequency up conversion emission of
Er3+ ions in Ga2S3–GeS2–La2S3 glasses were
studied by Higuchi et al. [13]. Broad band excita-
tion mechanism for photoluminescence in Er3+-
doped Ge25Ga1.7As8.3S65 glasses has been very
well explained by Turnbull et al. [14]. Shojiya et
al. [15] have given optical transitions of Er3+ ions
in ZnCl2 based glass.
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Binnemans and his co-researchers have given
the spectroscopic properties of Er3+ ions in
fluorophosphate glasses [16,17]. Tanabe et al. [18]
studied Er3+ doped bismuth based boro-silicate
glasses for their potential wavelength-division-
multiplexing (WDM) amplifier. Recently Xian
Feng et al. [19,20] reported the spectroscopic
properties of Er3+ doped ultra-phosphate and
germanotellurite glasses. Previously spectral inves-
tigations of Er3+ ions in sulphate [21] and
chloroborate glasses [22] have been reported from
our laboratories. Since the phosphate glasses have
been the subject of several spectroscopic investiga-
tions, the authors took up the present investiga-
tion of the optical properties of Er3+ in different
chlorophosphate glasses.

In this paper, the authors report the optical
band gaps (Eopt) for indirect and direct transitions
of different Er3+ doped chlorophosphate glasses.
Spectral intensities ( f ) and intensity parameters
(��) for all the glasses studied have been reported.
Radiative lifetimes (�R), branching ratios (�) and
integrated cross sections (�) for stimulated emis-
sion for certain excited states 4G11/2, 4F5/2, 4F7/2,
4S3/2, 4F9/2, 4I9/2, 4I11/2, and 4I13/2 of Er3+ have
been estimated and are presented in this paper.
These spectral studies have been compared with
other glass matrices and some of the potential
lasing transitions have been identified.

2. Experimental

Different chlorophosphate glasses were pre-
pared using a quenching technique from analar
grades of P2O5, Na2HPO4, ErCl3, LiCl, NaCl,
KCl, CaCl2 and PbCl2. The general composition
of the glasses was 50P2O5–30Na2HPO4–19.8RCl
(R=Li, Na, K, Ca and Pb) and 0.2 ErCl3. The
incorporation of the alkali contents reduced crys-
tallization phenomena and increased stability of
the glass. All these chemicals were obtained from
different standard companies with 99.9% purity.
The anhydrous chlorides were dried by heating at
appropriate temperatures under vacuum. A small
amount of ammonium chloride were added to
these dehydrated chlorides in order to drive off
impurities. About 5–10 g of batch composition
was mixed in a specially made clay crucible and
heated in an electric furnace for about 2 h at a
temperature of 400 °C; this allowed the phospho-
rous pentoxide to decompose and react with other
batch constituents before melting. The glass melt-
ing temperature was 1100–1150 °C and the melt
was quenched in between two well polished brass
disks. In order to obtain bubble free glass and to
ensure homogeneity, the liquids were shaken at 15
min. interval during melting. Glass liquid was
bubbled with oxygen to remove hydroxyl impuri-
ties. The prepared glass samples are transparent

Table 1
Certain physical properties of Er3+ doped chlorophosphate glasses

PbCPGLiCPGPhysical propertyS. No. NaCPG KCPG CaCPG

123.01. 126.1Average molecular Weight, M (g) 136.5129.3 169.6
2.66 2.392.30Density, d (g/cm3)2. 2.37 3.32
1.4891.495Refractive index, nd 1.5103. 1.4831.492

Molar refractivity, RM (cm−3) 15.119 13.6984. 16.316 16.325 15.264
5. Mean atomic volume, V (g/cm3 per atom) 8.2 7.5 8.9 8.8 7.8

2.226Dielectric constant, � 2.199 2.2802.235 2.2176.
5.42 6.46 6.46 6.057. Electronic polarizability, �e×1024 (cm3) 5.99
0.253 0.214 0.211 0.2368. Concentration, N×10−22 (ions per cm3) 0.232

3.0263.1433.1262.9549. 3.042Ionic radius, ri (A� )
7.331 7.757 7.799 7.50910. 7.549Inter-ionic distance rp (A� )

Field strength F×10−16 (cm2) 0.324 0.34411. 0.307 0.304 0.327
4.1283.7843.8973.859Reflection losses, R (%) 3.93612.

Ion packing ratio, VP 20.917 18.774 22.366 22.37813. 20.913



Fig. 1. Optical absorption edges of Er3+ doped different
chlorophosphate glasses.

for the calculation of the various parameters, the
actual composition was taken into account. The
actual composition was calculated from the exact
masses of the components in glass batch. There
appears to negligible weight loss during melting
(0.005 g in a 5 g batch) as seen by weighing the
initial reaction mixture and the final product after
melting and cooling. The symbols used in the
tables and graphs in this article for the above
glasses are LiCPG for lithium chlorophosphate
glass, NaCPG for sodium chlorophosphate glass,
KCPG for potassium chlorophosphate glass,
CaCPG for calcium chlorophosphate glass and
PbCPG for lead chlorophosphate glass.

3. Theory

Using Davis and Mott [26] theory, the optical
data are analyzed for higher values of �(�) above
the exponential region by plotting (���)1/2 as a
function of photon energy �� for indirect transi-
tions and by plotting (���)2 as a function of ��

for direct transitions. The optical band gaps ‘Eopt’
values are obtained by extrapolation to (���)1/2

=0 and (���)2=0 for indirect and direct transi-
tions, respectively. The values of ‘Eg’ which are
interpreted as the width of the tail of localized
states in the forbidden band gap are estimated
from the plots of ln � versus ��.

The energy EJ of the Jth level may be written in
terms of the changes in the parameters by a
Tayler’s series expansion [27,28] as:

EJ=E0J+ �
3

k=1

dEJ

dEk �Ek+
dEJ

d�
��4f+

dEJ

d�
��

+…… (1)

where E0J is the zero order energy of the J th level
and dEJ/dEk, dEJ/d� and dEJ/d� are partial
derivatives. The partial derivatives have been eval-
uated using aquo ion parameters using the
method of Wong [27,28]. Using experimental en-
ergies as EJ and the numerical values of zero
order energies and partial derivatives, a number
of linear equations equal to the number of ob-
served levels are formed and the delta values are
calculated by using the least-squares fit method.
The Ek, �4f and � parameters are evaluated from:

and 1–1.5 mm in thickness and circular in shape
with 1 cm diameter. Density of the glass samples
was determined by Archemede’s principle using
xylene as the immersion liquid with an accuracy
of �0.005 g/cm3. The glass refractive indices
were measured using Abbe refractometer with an
accuracy of �0.001. The absorption spectra were
recorded in UV–VIS–NIR region using HI-
TACHI U-3400 double beam spectrophotometer.
Using these parameters, certain physical proper-
ties have been calculated by taking standard
mathematical expressions [23–25].

The glass compositions are the formal glass
composition 50P2O5–30Na2HPO4–19.8 RCl
(R=Li, Na, K, Ca and Pb)–0.2ErCl3, although



Ek=E0k+�Ek (2)

�4f=�0+�� (3)

�=�0+�� (4)

where E0k, �0, �0 are the aqua ion parameters
with which the partial derivatives were evaluated.
Using these � and E0J values and partial deriva-
tives the energy values EJ have been calculated.
To measure the quality of the fit between experi-
mental and calculated values, the rms deviation
has been calculated using the formula:

�rms=
� �2

M−N
(5)

where �2 is the sum of the squares of the devia-
tion, M is the number of levels used for fitting and
N is the number of parameters.

The intensities of the absorption bands are
determined using the area method and using the
formula:

fexp=4.32×10−9� � (�)d� (6)

where � (	) is the molar extinction coefficient cor-
responding to the energy of the transition 	. Ac-
cording to Judd–Ofelt theory [30,29]:

fed= �
�=2,4,6

T��( f N�J ��U���f N��J �)2 (7)

the three parameters T2, T4 and T6 are evaluated
using the experimental data employing least-
squares fit. The squared reduced matrix elements
��U���2 in the above equation are calculated in the
intermediate coupling case. As these values are
insensitive to the environment, we have used the
values given by Carnall et al. [31]. With these T2,
T4 and T6 parameters and squared reduced matrix
elements, ‘fcal’ values are evaluated.

The Judd–Ofelt intensity parameters (��) are
calculated from the formula:

��(cm2)=
� 3h

8
2mc
� � 9n

(n2+2)2

�
(2J+1)T� (8)

where n is the refractive index of the glass.

Fig. 2. The relation between (���)1/2 and �� for different Er3+ doped chlorophosphate glasses.



Fig. 3. The relation between (���)2 and �� for different Er3+ doped chlorophosphate glasses.

Table 2
Some of the optical measurements of Er3+ doped chlorophosphate glasses

AverageGlass Eopt (eV) Eg (eV) B (cm eV)−1 B (cm−1 eV1/2)S. No.
molecular weight
(g) Indirect Direct Direct transitionsIndirect

transitionstransitionstransitions

123.0 1.79 2.86 0.48 32.1 121.31. LiCPG
126.1 1.77 2.76NaCPG 0.552. 40.7 134.7
129.3 1.76 2.593. 0.50KCPG 50.7 120.7
136.5 1.65 2.95CaCPG 0.584. 31.0 112.4

PbCPG5. 169.6 1.67 2.80 0.53 36.9 111.8

The electric dipole line strengths are calculated
employing the formula:

Sed=e2 �
�=2,4,6

��(�J ��U���� �J �)2 (9)

The radiative transition probability is given by:

A=
� 64
4�3

3h(2J+1)
� �n(n2+2)2

9
�

Sed (10)

and is related to the radiative lifetime �R, of an
excited state by the expression:

�R=AT(�J)−1 (11)

where AT(�J) is the total radiative transition
probability. The radiative branching ratio is
defined as:

�(�J, � �J �)=
A(�J, � �J �)

AT(�J)
(12)



The integrated absorption cross section (�) is
evaluated from:

�=
1
�2

A
8
cn2 (13)

4. Results and discussion

4.1. Physical properties

Table 1 gives some of the physical properties of
the Er3+ doped chlorophosphate glasses which
are calculated from the densities, refractive indices
and average molecular weights of the glasses. The
ion packing ratio (VP) which is the property of the
glass host is calculated using the formula [32]:

VP=�i

4
3


 rp
3 ni

NA

Vm

(14)

where rp is the ionic radius, ni is the molar frac-

tion, NA is the Avagadro number and Vm is the
molar volume. It is observed that the ion packing
ratio decreases with the decrease of ionic radius in
the order Ca�K�Li�Pb�Na as reported in
literature [32]. Among all the glasses studied,
sodium glass has the lowest ion packing ratio. It is
also noticed that sodium chlorophosphate glass
has the lowest molar refractivity, mean atomic
volume, electronic polarizability, ionic radius, in-
ter ionic distance and highest field strength.

4.2. Optical band gaps

Fig. 1 shows the absorption edges of different
Er3+ doped chlorophosphate glasses. From the
spectra, it can be seen that the position of the
fundamental absorption edge shifts to longer
wavelengths with an increase of average molecular
weight of the glass. But for sodium chlorophos-
phate glass it was not followed. It may be due to

Fig. 4. The relation between ln � and �� for different Er3+ doped chlorophosphate glasses.



Fig. 5. Optical absorption spectrum of Er3+ doped lithium chlorophosphate glass.

Table 3
Energies, various spectroscopic parameters and hydrogenic ratios of Er3+ doped chlorophosphate glasses (all values except
E1/E3and E2/E3 are in cm−1)

LiCPGS. No. NaCPGEnergy Level KCPG CaCPG PbCPG

Eexpt Ecal Eexpt Ecal Eexpt Ecal Eexpt Ecal Eexpt Ecal

1. 4F9/2 15 382 15 238 15 359 15 333 15 366 15 282 15 359 15 258 15 366 15 304
18 411 18 449 18 404 18 401 18 347 18 346 18 4112. 18 4194S3/2 18 431 18 452
19 236 19 203 19 235 19 241 19 2362H11/2 19 2413. 19 236 19 208 19 236 19 244

4F7/24. 20 498 20 474 20 553 20 575 20 486 20 520 20 511 20 506 20 528 20 568
22 093 22 062 22 049 22 045 22 2165. 22 1864F5/2 22 093 22 103 22 191 22 189
22 567 22 451 22 443 22 526 22 6384F3/2 22 4736. 22 460 22 465 22 562 22 526

2H9/27. 24 533 24 514 24 533 24 809 24 557 24 565 24 533 24 501 24 569 24 536
8. 4G11/2 26 517 26 573 – – 26 517 26 611 26 517 26 616 26 546 26 658

27 517 27 605 – – 27 6702G9/2 27 7449. – – – –
rms deviation �111 �205 �111 �85 �83
E1 6636 6556 6675 6632 6645

30.7 28.5 32.6E2 31.2 31.7
643 648 641 646 644E3

2380 2408 2448�4f 2395 2417
� −1.72 1.26 1.88 0.63 0.07

10.32 10.11E1/E3 10.40 10.26 10.31
0.048 0.044 0.051 0.048 0.049E2/E3



certain structural changes that may have occurred
in the sodium chlorophosphate glass. Among
these five Er3+ doped glasses, lithium and lead
chlorophosphate glasses show the shortest and
largest shift of the absorption edge. It is also clear
that there is no sharp absorption edge and this is
the characteristic of the glassy state just as the
X-ray diffraction spectra also show a broad fea-
tureless curve.

Figs. 2 and 3 represent the variation of (���)1/2

versus �� and (���)2 versus �� for indirect and
direct transitions, respectively. The optical band
gap values ‘Eopt’ obtained by extrapolation to
(���2=0 and (���)2=0 and the constant ‘B ’

values are presented in Table 2 for all the glasses
studied. From the table it is observed that lithium
and calcium chlorophosphate glasses are having
the highest and lowest ‘Eopt’ values for indirect
transitions whereas for direct transitions potas-
sium and calcium glasses are having the lowest
and highest values. The ‘Eopt’ values decrease with
the increase of average molecular weight of the
glass for only alkali elements for both direct and
indirect transitions. Fig. 4 represents the plots of
ln � and ��. The ‘Eg’ values obtained from the
plots are also presented in Table 2. There is no
systematic variation in these values except the
lowest ‘Eg’ value observed in lithium glass.

Table 4
Experimental and calculated oscillator strengths ( f×l06) of Er3+ doped different chlorophosphate glasses

CaCPGKCPGNaCPGLiCPGEnergy levelS. No. PbCPG

fcal fexpt fcal fexpt fcal fexpt fcalfexpt fcal fexpt

2.275 2.343 2.333 1.947 2.026 3.890 3.981 6.360 6.3414F9/21. 2.362
0.568 1.052 0.613 1.173 1.122 1.372 1.461 1.164 1.2234S3/22. 0.755

25.45428.59719.85521.60911.70513.5033. 3.6923.7048.0197.1852H11/2

2.383 3.9444. 3.5594F7/2 5.548 5.103 5.207 5.3401.834 2.242 2.343
4F5/2 1.499 0.681 0.377 0.7335. 0.517 1.356 0.982 1.750 1.996 1.470

6. 0.8440.6901.0050.6870.7810.5380.4210.2930.3930.3114F3/2
2H9/2 5.496 — —7. —— 1.9552.4627.994

14.121 41.48615.0394G11/28. 44.87734.97933.10120.62618.693— —
—2G9/2 — — — — — — —1.422 0.9219.

�0.73— �2.33—�1.37—rms deviation �1.4010. —�0.33—

Table 5
Judd–Ofelt intensity parameters (�2, �4, �6; 10−20 cm2) and intensities ( f×l06) of the hypersensitive transitions of Er3+ in different
glass matrices

�2 �6�4Glass f (4I9/2�2G11/2)f (4I9/2�2H11/2)

0.948 0.8642.96550P2O5–30Na2HPO4–19.8LiCl (present work) 7.185 15.039
–3.7040.9360.9381.01350P2O5–30Na2HPO4–19.8NaCl (present work)

18.6931.715 13.5030.0545.04950P2O5–30Na2HPO4–19.8KCl (present work)
33.10121.6092.24050P2O5–30Na2HPO4–19.8CaCl2 (present work) 1.0758.144

1.836 28.59750P2O5–30Na2HPO4–19.8PbC12 (present work) 41.4869.366 3.069
0.6516.369 1.018 – –80H3BO3–10Na2CO3–10LiCl[22]
1.2365.220 0.466 – –80H3BO3–10Na2CO3–10NaC1[22]

––1.37780H3BO3–10Na2CO3–10KC1[22] 0.1986.116
80H3BO3–l0Na2CO3–l0PbCl2[22] 1.589 0.382 – –4.536

2.250 –75NaPO3–20CaF2–5ErF3[16] –0.8001.010
––0.7801.6406.42030Li2O–60P2O5–10A12O3[23]



Table 6
Electric dipole line strengths (Sed/e

2×1022), transition probabilities (A), branching ratios (�) and integrated cross sections (�(10−18)
of Er3+ doped lithium chlorophosphate glass and branching ratios in ZnCl2 [15] and ZnBO3 [36] glasses

Sed/e
2 (cm2) A (s−1) �Transition � (cm−1)	 (cm−1) � [15] � [36]

2059 137.7 2.1 02H9/2 0.2994G11/2� – –
4F3/2 4122 10.0 1.2 0 0.043 – –

4511 10.5 1.7 0 0.050 – –4F5/2

6099 39.1 15.9 0.0014F7/2 0.253 – –
2H11/2 7370 18.7 13.4 0.001 0.146 0 –

8125 12.9 12.0 0.001 0.1084S3/2 0 –
11 335 131.5 343.5 0.0324F9/2 1.586 0.03 –

4I9/2 14 244 21.8 113.2 0.010 0.331 0.01 –
16 344 5.7 45.2 0.004 0.100 0.01 –4I11/2

20 061 77.0 1115.2 0.1044I13/2 1.644 0.06 –
4I15/2 26 573 269.3 9064.9 0.845 7.618 0.89 –

1588 36.0 0.5 04F5/2� 0.1224F7/2 – –
2859 21.4 1.8 0.0012H11/2 0.129 – –

4S3/2 3614 2.6 0.4 0 0.019 – –
6824 52.5 59.8 0.039 0.7624F9/2 – –
9733 18.6 61.7 0.0404I9/2 0.386 – –

4I11/2 11 833 9.5 56.8 0.037 0.240 – –
15 550 46.5 627.3 0.406 1.5394I13/2 – –
22 062 19.1 735.8 0.4764I15/2 0.897 – –

2H11/2
4F7/2� 1271 73.2 0.4 0 0.147 – –

2026 0.5 04S3/2 0 0.001 – –
5236 8.0 3.1 0.0014F9/2 0.066 – –

4I9/2 8145 50.8 73.9 0.037 0.661 – –
10 245 39.5 114.2 0.057 0.6454I11/2 – –
13 962 32.2 235.8 0.1184I13/2 0.717 – –

4I15/2 20 474 67.9 1569.5 0.786 2.222 – –
3210 1.9 0.3 04S3/2� 0.0204F9/2 – –
6119 29.1 35.8 0.0374I9/2 0.567 0.05 0.035

4I11/2 8219 7.0 21.0 0.022 0.184 0.02 0.022
11 936 29.2 267.2 0.277 1.1134I13/2 0.28 0.276
18 448 18.9 641.3 0.6644I15/2 1.118 0.65 0.666

4I9/2
4F912� 2909 38.5 2.0 0.009 0.143 0.01 0.004

4I11/2 5009 20.2 5.5 0.025 0.129 0.04 0.052
8725 62.2 89.0 0.4124I13/2 0.693 0.06 0.046

4I15/2 15 238 15.6 119.2 0.552 0.304 0.89 0.899
2100 20.3 0.4 0.0044I9/2� 0.0544I11/2 0.010
5817 62.0 26.3 0.2934I13/2 0.461 – 0.033

4I15/2 12 329 15.6 63.1 0.702 0.246 0.686
4I13/2

4I11/2� 3717 120.3 11.1 0.120 0.476 0.08 0.147
10 229 42.2 81.0 0.8804I15/2 0.459 0.92 0.850

4I15/2
4I13/2� 6512 140.6 59.7 1.000 0.835 1.00 1.000

4.3. Energy le�els

The absorption spectrum of Er3+ doped
lithium chlorophosphate glass is shown in Fig. 5.
The remaining spectra are not shown as they are
of similar shape. From the recorded spectra of all
the glasses it is noticed one important feature i.e.

the transition 4I15/2�4G11/2 of Er3+ is not ob-
served only in sodium chlorophosphate glass, as
the cut off region starts from 400 nm in this glass.
The experimental and calculated energies (EJ) and
various spectroscopic parameters (E1, E2, E3, �4f

and �) obtained for all these Er3+ doped glasses
are presented in Table 3. The energy values of the



levels 4G11/2 and 2G9/2 are not included in the above
least square fitting calculations. From the table it
is observed that the rms deviations between exper-
imental and calculated energies are within experi-
mental error. The radial properties of Er3+ ions
remain unchanged as the hydrogenic ratios E1/E3

and E2/E3 are nearly constant for all the glasses.
The spin-orbit coupling parameter �4f increases
with the increase of average molecular weight of the
glass for only alkali elements.

4.4. Spectral intensities

The spectral intensities for different absorption
bands of Er3+ doped chlorophosphate glasses are
determined using Eqs. (6) and (7) given in the
theoretical part. The experimental and calculated
spectral intensities for all the transitions are pre-
sented in Table 4 for all the glasses. As there is some
uncertainty in the measurement of the intensities of
the bands 2H9/2 and 2G9/2, these intensities are not
included in the least square fit in calculating the
Judd–Ofelt intensity parameters for all the glasses.
The agreement between the experimental and cal-
culated spectral intensities is good which shows the
validity of the approximations made in Judd–Ofelt
theory. From the table, it can be discerned that the
intensities of the transitions are high in lead
chlorophosphate glass which indicates that the
non-symmetric component of the electric field act-
ing on the Er3+ ions is very strong in this glass.

The best set of intensity parameters (�2, �4 and
�6) is obtained from the experimental oscillator
strengths and the doubly reduced matrix elements
using the expression Eq. (8) and using least-square
analysis. The Judd–Ofelt intensity parameters in all

the chlorophosphate glasses along with the parame-
ters in various glass matrices are presented in Table
5. The position and intensity of certain electric
dipole transitions of rare earth ions are found to be
very sensitive to the environment of the rare earth
ion. Such transitions are called hypersensitive tran-
sitions. These transitions will obey certain selection
rules. The intensities of these hypersensitive transi-
tions i.e.4I9/2�2H11/2 and 4I9/2�4G11/2 of Er3+ ion
are also included in the above table. It is observed
that the intensities of the hypersensitive transitions
decrease with the decrease of �2 parameter which
is in accordance with the theory [33]. It indicates
that there is a strong interaction between 4f and 5d
orbitals. Jorgensen and Reisfeld [34] noted that the
�2 parameter is indicative of the amount of cova-
lent bonding while the �6 parameter is related to
rigidity of the host. The �2 parameter is larger in
lead chlorophosphate glass and smaller in sodium
chlorophosphate glass which shows low ionicity
(high covalency) and high ionicity (low covalency)
between erbium cation and chloride anion in these
glasses correspondingly. It is also observed that
except for sodium chlorophosphate glass, �2

parameter is increasing with the increase of average
molecular weight of the glass which indicates that
the amount of covalency is increasing with the
substitution of lithium, potassium, calcium and
lead in these glasses.

It is also seen that �4 parameter decreases and
�6 parameter increases with the increase of average
molecular weight of the glass for only alkali ele-
ments (Li, Na and and K). By comparing these
parameters with various glass matrices, it is ob-
served that �2 parameter is smaller in sodium

Table 7
Estimated radiative lifetimes (�R;(�s)) of certain excited states of Er3+ doped different chlorophosphate glasses

Energy level LiCPG NaCPG KCPG CaCPG PbCPG BaF2–ThF2 [37]S. No. ZnBO3 [36]

4G11/2 93 1091. 58 3439 ––
627647 –4F5/22. –262289411

4F7/2 500 478 3673. 240 192 – –
4. 4S3/2 1035 976 544 410 467 960 333

4635 4524 5242 2647 1631 950 4185. 4F9/2

11 135 10 7766. 18 4094I9/2 7278 3796 8180 3554
10 857 11 086 5522 4242 44287. 10 2004I11/2 3483

437810 2006849676684534I13/2 15 6988. 16 750



Table 8
Branching ratios (�) and integrated cross sections (�; (10−18)) of certain excited states of Er3+ doped different chlorophosphate
glasses

LiCPGTransition NaCPG KCPG CaCPG PbCPG

� � � � � � � � � �

0 0.30 0 0.17 04G11/2� 0.522H9/2 0 0.81 0 0.88
0 0.04 0 0.05 0 0.06 0 0.09 0 0.114F3/2

0 0.05 0 0.05 04F5/2 0.06 0 0.10 0 0.12
4F7/2 0 0.25 0 0.14 0 0.30 0 0.56 0 0.80

0 0.14 0 0.15 0 0.072H11/2 0 0.21 0 0.45
0 0.11 0 0.11 04S3/2 0.01 0 0.12 0 0.36

4F9/2 0.03 1.58 0.01 0.58 0.03 2.63 0.03 4.25 0.04 5.06
0.01 0.33 0 0.14 0.01 0.54 0.01 0.87 0.01 1.024I9/2

0 0.10 0 0.10 04I11/2 0.04 0 0.14 0 0.31
4I13/2 0.1 1.64 0.09 1.26 0.07 2.01 0.09 3.55 0.11 4.79

0.84 7.62 0.87 6.66 0.87 12.594I15/2 0.85 18.49 0.82 19.77
0 0.12 0 0.06 04F7/2 0.194F5/2� 0 0.30 0 0.36

2H11/2 0 0.13 0 0.13 0 0.19 0 0.29 0 0.32
0 0.02 0 0 0 0.034S3/2 0 0.05 0 0.06
0.04 0.76 0 0.77 0.024F9/2 0.89 0.03 1.49 0.04 2.02

4I9/2 0.04 0.38 0.03 0.35 0.03 0.52 0.04 0.83 0.05 1.06
0.03 0.24 0.03 0.23 0 0.034I11/2 0.02 0.27 0.05 0.79
0.41 1.54 0.40 1.59 0.324I13/2 1.96 0.36 3.14 0.43 3.93

4I15/2 0.47 0.89 0.49 0.97 0.60 1.78 0.54 2.32 0.43 1.92
0 0.14 0 0.11 04F7/2� 0.272H11/2 0 0.39 0 0.41
0 0 0 0.01 04S3/2 0 0 0 0 0

4F9/2 0 0.06 0 0.04 0 0.07 0 0.13 0 0.20
0.04 0.66 0.03 0.65 0.04 1.084I9/2 0.04 1.55 0.03 1.62
0.05 0.64 0.05 0.64 0.034I11/2 0.47 0.04 1.06 0.06 1.88

4I13/2 0.12 0.71 0.11 0.70 0 0.04 0.06 0.79 0.15 2.34
0.78 2.22 0.80 2.36 0.92 3.544I15/2 0.85 5.07 0.74 5.31
0 0.02 0 0.02 04F9/2 0.044S3/2� 0 0.05 0 0.04

4I9/2 0.04 0.56 0.03 0.59 0.02 0.86 0.03 1.27 0.04 1.39
0.02 0.18 0.02 0.19 0.01 0.334I11/2 0.02 0.46 0.02 0.40
0.27 1.11 0.27 1.19 0.264I13/2 2.16 0.27 2.88 0.27 2.39

4I15/2 0.66 1.11 0.67 1.21 0.68 2.22 0.67 2.90 0.66 2.43
4F9/2� 0.014I9/2 0.14 0 0.05 0.02 0.24 0.01 0.38 0.01 0.46

0.02 0.13 0.02 0.13 0.034I11/2 0.17 0.03 0.27 0.02 0.32
4I13/2 0.41 0.69 0.43 0.75 0.86 1.33 0.58 1.76 0.31 1.49

0.55 0.30 0.54 0.30 0.55 0.044I15/2 0.36 1.40 0.65 0.98
0 0.05 0 0.05 04I11/2 0.064I9/2� 0 0.11 0 0.13

4I13/2 0.29 0.46 0.31 0.50 0.83 0.87 0.46 1.16 0.21 0.98
0.704I15/2 0.24 0.68 0.24 0.68 0.69 0.53 0.29 0.78 0.79
0.12 0.47 0.13 0.48 0.104I13/2 0.804I11/2� 0.11 1.13 0.11 1.12

4I15/2 0.88 0.46 0.87 0.43 0.89 0.89 0.89 1.20 0.88 1.08
4I13/2� 1.004I15/2 0.83 1.00 0.87 1.00 1.56 1.00 2.07 1.00 1.93

chlorophosphate glass than in different chlorobo-
rate [22], fluorophosphate [16] and aluminium
phosphate [23] glasses. Hence there is a strong
ionic nature of the metal ligand bond in sodium
chlorophosphate glasses and low asymmetry of

the local environment. Nageno et al. [35] shown
that �4 and �6 parameters of silicate and borate
glasses (but not of phosphate glasses) increase
with increasing of ion packing ratios (VP) of the
glass host. In the present work also we have not



observed any relation between ion packing ratios
and intensity parameters.

4.5. Radiati�e lifetimes and branching ratios

Using the expressions given in theoretical part,
electric dipole line strengths (Sed), radiative transi-
tion probabilities (A), branching ratios (�) and
integrated cross sections (�) for stimulated emis-
sion for certain excited states 4G11/2, 4F5/2, 4F7/2,
4S3/2, 4F9/2, 4I9/2, 4I11/2 and 4I13/2 of Er3+doped
chlorophosphate glasses have been calculated.
These results are presented in Table 6 for lithium
chlorophosphate glass. The calculated branching
ratios (�) of certain transitions of Er3+ ion in
lithium chlorophosphate glass are compared with
zinc chloride [15] and zinc borate glasses [36] in
the same table. Takebe et al. [23] observed the
relationship between spontaneous emission proba-
bilities and the ion packing ratios for Er3+doped
oxide glasses. According to that, emission proba-
bilities increase with increasing ion packing ratios
only in silicate and oxide glasses but not in phos-
phate glasses. In the present work, we also have
not observed any relation between ion packing

ratios and emission probabilities. Estimated radia-
tive lifetimes (�R) for all the above excited states
are portrayed in Table 7 along with the lifetimes
estimated in other glass matrices. The radiative
lifetimes of the excited states 4F5/2, 4F7/2, 4S3/2 and
4I13/2 are decreasing with the substitution of
lithium, sodium, potassium, calcium and lead
chlorides in the above glass matrix. For the re-
maining excited states also, the lifetimes are in
decreasing trend (except 4G11/2 of sodium glass
and 4F9/2 and 4I9/2 of potassium glass) with the
above various environments. It is observed that
the magnitudes of lifetimes are slightly higher in
the case of chlorophosphate glasses than in
fluoride and zinc borate glasses. The lifetime of
4I9/2 in potassium chlorophosphate glass is very
high. It may be due to the smaller value of �4

parameter which is observed in this glass.
Table 8 gives the comparison of branching ra-

tios (�) and integrated cross sections (�) for all
the transitions of Er3+ ion in all the chlorophos-
phate glasses. It is observed from the table that
the branching ratios and integrated cross sections
of the transitions 4F5/2�4F15/2,

4F7/2�4I15/2 and
4S3/2�4I15/2 are increasing with lithium, sodium

Fig. 6. Energy level diagrams for luminescent transitions of Er3+ ion in chlorophosphate glasses.



and potassium and further decreasing to calcium
and lead glasses. In the case of 4G11/2�4I15/2,
4F9/2�4I15/2 and 4II9/2�4I15/2 transitions, the
branching ratios are more or less the same for the
above three glasses. Some of the potential lasing
transitions are identified from the magnitudes of
their branching ratios and are depicted in Fig. 6.
From the above studies, it is concluded that
lithium and potassium chlorophosphate glasses
doped with Er3+ ion are useful for laser
excitation.

5. Conclusions

Though the optical band gaps (Eopt) are not
particularly sensitive to diferent types of chlorides
in the glass compostion, the optical band gaps
decrease with the increase of average molecular
weight of the glass for only alkali elements (Li,
NA and K) for both direct and indirect transi-
tions. The largest optical band gaps have been
recorded in the case of sodium and calcium
glasses for direct and indirect transitions, respec-
tively. With regard to the physical properities, the
ion packing ratio decreases with the decrease of
ionic radius in the order Ca�K�Li�Pb�Na.
Among all the glasses studied, sodium
chlorophosphate glass shows peculiar physical
properties.

The cut off region starts from 400 nm only in
sodium chlorophosphate glass among all the Er3+

doped glasses. The spectral intensities of the tran-
sitions of Er3+ are very high in lead chlorophos-
phate glass among all the glasses studied. The
intensities of the hypersensitive transitions de-
creased with the decrease of �2 parameter which
is in accordance with the theory. �4 parameter
decreased and �6 parameter increased with the
increase of average molecular weight of the glass
only for alkali elements (Li, Na and K). There has
not been any relation observed between ion pack-
ing ratios and emission probabilities. The esti-
mated radiative lifetimes are more or less similar
for certain excited states of Er3+ in different
chlorophosphate glasses. From the branching ra-
tios and integrated absorption cross sections, it
can be concluded that the transitions 4I11/2�4I15/2

and 4F9/2�4I15/2 are more powerful for lasting
action in these chlorophosphate glasses.
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