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Abstract

Infrared reflection spectroscopic (IRRS), ultraviolet-visible-near infrared (UV-Vis-NIR) absorption and photoluminescence

upconversion properties with special emphasis on the spectrochemistry of the oxyfluorophosphate (oxide incorporated fluoropho-

sphates) glasses of the Ba(PO3)2–AlF3–CaF2–SrF2–MgF2–Ho2O3 system have been studied with different concentrations (0.1, 0.3 and

1.0 mol%) of Ho2O3. IRRS spectral band position and intensity of Ho3+ ion doped oxyfluorophosphate glasses have been discussed

in terms of reduced mass and force constant. UV-Vis-NIR absorption band position has been justified with quantitative calculation of

nephelauxetic parameter and covalent bonding characteristics of the host. NIR to visible upconversion has been investigated by

exciting at 892 nm at room temperature. Three upconverted bands originated from the 5F3-
5I8, ( 5S2,

5F4)-
5I8 and 5F5-

5I8

transitions have found to be centered at 491 nm (blue, medium), 543 nm (green, very strong) and 658 nm (red, weak), respectively.

These bands have been justified from the evaluation of the absorption, normal (down conversion) fluorescence and excitation spectra.

The upconversion processes have been explained by the excited state absorption (ESA), energy transfer (ET) and cross relaxation

(CR) mechanisms involving population of the metastable (storage) energy levels by multiphonon deexcitation effect. It is evident from

the IRRS study that the upconversion phenomena are expedited by the low multiphonon relaxation rate in oxyfluorophosphate

glasses owing to their high intense low phonon energy (�600 cm�1) which is very close to that of fluoride glasses (500–600 cm�1).

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Photoluminescence upconversion is a process in
which photons of lower energy excitation light (NIR)
are converted within the optical materials into the
photons of higher energy emission light (visible).
According to the energy conservation principle, it
requires at least two photons to work simultaneously
irrespective of the category of mechanisms. Bloember-
gen [1] was the first to observe the upconversion
phenomenon in a rare earth (RE) ion doped crystal in
1959, and Auzel [2] was the first to review and explore it
in 1973. Currently, there is a renewed interest in this
e front matter r 2005 Elsevier Inc. All rights reserved.
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group of solid-state laser materials to develop compact
visible lasers seeking to either enhance the efficiencies of
the existing devices or to create new ones. The principal
uses of upconversion lasers are in optical data storage,
bar-code reading, laser printing, submarine communica-
tion, biomedical instrument and spectroscopic applica-
tions [3–5]. The trivalent holmium ion (Ho3+) is one of
the most important active ions in the RE family (cerium
to lutetium) due to its convenient energy level structure
(Fig. 1) exploitable in upconversion processes. Within
the Ho3+ ion energy scheme tricolor visible upcon-
version processes can take place from the 5F3-

5I8

(blue), 5S2-
5I8 (green) and 5F5-

5I8 (red) transi-
tions. The efficiency of these emissions are strongly
dependent on the characteristics of the glass host which
determine a variety of parameters such as multiphonon

www.elsevier.com/locate/jssc
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Fig. 1. Schematic energy level diagram of Ho3+ ion.
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decay rates, population of metastable (storage) energy
levels, energy transfer (ET) and cross relaxation (CR)
rates decided by resonances in the energy level structure
and also by the active ion concentration.

In phosphate glasses, the upconversion phenomenon
is very faint, because of the large multiphonon decay
rates, due to high energy stretching vibration of the P–O
bond, that is, high phonon energy (�1300 cm�1) [6–8].
However, their phonon energy can be reduced down to
�600 cm�1 [6,9,10] by incorporating metal fluorides
because of their low phonon energy (200–400 cm�1) [11].
The low phonon energy of the fluorophosphate glasses
yields low nonradiative decay and high radiative
emission rates of RE ion energy levels, leading to much
higher quantum efficiencies than the phosphate glass
hosts but similar to that of fluoride glasses having
comparable phonon energy 500–600 cm�1 [11], for
transitions departing from levels with small energy gaps
to the next lower laying levels [11,12]. These character-
istics of fluorophosphate glasses make them more
preferable than fluoride glasses because of their follow-
ing technological advantages [10,13]: easy to prepare in
open atmosphere (no need of expensive glove box), no
serious chemical corrosion of the crucible and compara-
tively low tendency to crystallize due to high value of
Tx2Tg (an indicator of thermal stability of a glass,
where Tx and Tg are the onset of crystallization and
glass transformation temperatures, respectively). How-
ever, the presence of phosphate deteriorates some
optical properties of the glasses. In order to obtain a
glass with optimum optical properties, the phosphate
content should be kept as low as practicable.

Although several papers have been published report-
ing the spectroscopic properties of fluoro- and chlor-
ophosphate glasses doped with Ho3+ ions [14,15], the
understanding of their spectrochemistry is rather very
insufficient. However, to the best of our knowledge,
there is no report dealing with the upconversion
fluorescence characteristics of Ho3+-doped oxyfluoro-
phosphate (oxide incorporated fluorophosphate) glasses
along with their IRRS spectral study.

Pondering with these issues, in this paper we aim to
report a germane study on the IRRS, UV-Vis-NIR
absorption and photoluminescence upconversion prop-
erties with special emphasis on the spectrochemistry of
Ho3+ ion doped oxyfluorophosphate glasses.
2. Experimental

The base glass of the composition (mol%)
7Ba(PO3)2 � 32AlF3 � 30CaF2 � 18SrF2 � 13MgF2 was pre-
pared by melting 100 g batch using analytical grade
Ba(PO3)2, AlF3, CaF2, SrF2 and MgF2 in a covered
platinum crucible at 1020 1C for 1 h in air. The melt was
cast into a hot graphite mould and properly annealed.
This base glass was ground and doped with 0.1, 0.3 and
1.0 mol% Ho2O3 (99.99%, Alfa Aesar) and melted in a
similar procedure. After cutting, grinding and/or polish-
ing, they were used for characterization.

The density of the glasses was measured by the
Archimedes method using water. The thermal properties
were measured by a dilatometer (Netzsch, DIL 402C) at
the heating rate of 5 K/min in air. The refractive indices
at various wavelengths were measured (error limit:
70.0002) with a refractometer (Pulfrich, PR 2). The
infrared reflection spectra (IRRS) in the range
400–1500 cm�1 were recorded with a Fourier transform
infrared (FTIR) spectrometer (Perkin-Elmer, FTIR
1615) at an incident angle of 151 with the help of a
specular reflectance measurement accessory at the
resolution of 72 cm�1 and after 100 scans. The
absorption spectrum in the range 4000–6000 cm�1 was
also measured in the absorption mode using this FTIR
spectrometer at the same precision. The instrument was
calibrated with the peaks of a standard polystyrene film
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Table 1

Measured and calculated physical properties of 0.1 mol% Ho2O3-

doped oxyfluorophosphate glass

Physical property Value

Measured property

Density, d (g cm�3) 3.56

Transformation temperature, Tg (1C) 439

Deformation temperature, Td (1C) 473

Coefficient of thermal expansion, aCTE (1C�1)

(30–300 1C)

163� 10�7

Refractive index

nd (at l ¼ 587.1 nm) 1.4594

ne (at l ¼ 546.1 nm) 1.4606

nC 0 (at l ¼ 643.8 nm) 1.4580

Calculated property

Ho3+ ion concentration, N (ions cm�3) 4.22� 1019
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supplied by the manufacturer of the instrument. The
UV-Vis-NIR absorption spectrum in the range
300–1000 nm was obtained with a double-beam spectro-
photometer (Perkin-Elmer, Lambda 20) keeping the
base glass of the same thickness in the reference beam.
The instrument was calibrated with the peaks of a
standard holmium ion (Ho3+)-doped glass filter sup-
plied by the manufacturer of the instrument and the
validity of the peak position was found to be 70.1 nm.
Fluorescence spectra were measured, at the accuracy of
70.2 nm, with a fluorescence spectrophotometer (Spex,
Fluorolog 2) in which a Xenon lamp is attached as a
monochromated excitation source and a photomulti-
plier tube (PMT) as a detector. All the measurements
were carried out at room temperature.
Average molecular weight, Mav 101.69

Molar volume, Vm (cm3) 28.56

Molar refractivity, MR (cm3) 7.81

Reflectivity per surface, R (%) 3.49

Dielectric constant, e 2.1298

Polaron radius, rp (Å) 11.58

Inter-ionic distance, ri (Å) 28.72

Field strength, F (cm�2) 4.823� 10�17

Molecular electronic polarizability factor, a (cm3) 1.547� 10�21

Fig. 2. IRRS spectra of as-polished undoped and Ho2O3-doped

oxyfluorophosphate glasses at an incident angle of 151.
3. Results

3.1. Physical properties

Values of important glass properties such as density
(d), transformation (Tg) and deformation (Td) tempera-
tures, coefficient of thermal expansion (aCTE) and
refractive indices (ni) at various wavelengths of
0.1 mol% Ho2O3-doped oxyfluorophosphate glass esti-
mated by the relevant standard methods are given in
Table 1. Various other physical properties like Ho3+ ion
number concentration (N), average molecular weight
(Mav), molar volume (Vm) and refractivity (MR),
reflection loss (R), inter-ionic distance (ri) of Ho3+

ions, polaron radius (rp), molecular electronic polariz-
ability (a) of the glass, etc., have been evaluated based
on the composition, density and refractive index of the
glass using the established expressions available in the
literature [16–18]. These values are also listed in Table 1.
All the properties exhibit the optical efficiencies of the
glass under investigation.

3.2. IRRS spectra

Infrared reflection spectroscopic (IRRS) spectra in the
range 400–1500 cm�1 of undoped and Ho3+ ion doped
oxyfluorophosphate glasses are shown in Fig. 2. There
are three major reflection bands in the undoped glass
centered at about 1046, 940 and 621 cm�1. Whereas all
the Ho3+ ion doped glasses have only two bands
centered at about 1046 and 621 cm�1. Fig. 3 further
shows that as the Ho3+ ion concentration increases, the
1046 cm�1 band shifts towards higher frequency and its
reflectivity (intensity) increases. While Fig. 4 shows that
the 621 cm�1 band position shifts towards lower
frequency and its reflectivity (intensity) decreases with
increasing in Ho3+ ion concentration. As a consequence
of intensity increase in the band at �1046 cm�1 and
decrease in the band at �621 cm�1, all the curves cross
at 743 cm�1 (Fig. 2). This crossing point is known as the
isosbestic point which represents the existence of an
equilibrium between two IR reflecting species.

3.3. UV-Vis-NIR absorption spectra

The ultraviolet-visible-near infrared (UV-Vis-NIR)
absorption spectra are shown in Fig. 5. A total of 11
absorption bands from the ground state 5I8 of Ho3+

ion have been observed. Their associated transitions
in comparison with those in fluoride glass (ZBLANP)
[19] and aqueous solution [20] are provided in Table 2
to correlate band position with the nephelauxetic
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Fig. 3. Band position and reflectivity at �1046 cm�1 as a function of

Ho2O3 concentration in oxyfluorophosphate glasses.

Fig. 4. Band position and reflectivity at �621 cm�1 as a function of

Ho2O3 concentration in oxyfluorophosphate glasses.

Fig. 5. Ground state absorption (GSA) spectra of the 0.1 mol%

Ho2O3-doped oxyfluorophosphate glass in the ranges of 300–1000 nm

and 4000–6000 cm�1 (inset). The assignments of the bands are given in

Table 2.

B. Karmakar / Journal of Solid State Chemistry 178 (2005) 2663–26722666
parameter and bonding characteristics of the hosts
(see Section 4.2). The increasing order of intensity
of the bands: 5I7o 5I5o 3K8o 5F2o 5F3o 5F5E

5G4,
3K7o 5G5o 5S2,
5F4o 5G6,

5F1o 3H5,
3H6. It is

worth noting that the high intensity bands are located at
359.6 and 450.6 nm originated from the 5I8-

3H6 and
5I8-

5G6 transitions, respectively. It has happened due
to their hypersensitive pseudoquadrupole transition
characteristics, in Fig. 1 they are marked by asterisk,
obeying the selection rules jDJjp2; jDLjp2 and DS ¼ 0,
where J, L and S are the total angular momentum,
orbital quantum number and spin quantum number,
respectively [21]. These transitions are hypersensitive
with large values of the reduced matrix element, hU ð2Þi2

(0.2155 and 1.5201 for the 5I8-
3H6 and 5I8-

5G6

transitions, respectively [20]) of the Judd–Ofelt tensor.
Their line strength then becomes hypersensitive to the
Judd–Ofelt parameter O2 (a parameter commonly used
as an indicator of the type of bonding with the RE ions
in the host).

3.4. Photoluminescence upconversion

The upconversion emission spectra of 0.1, 0.3 and
1.0 mol% Ho2O3-doped oxyfluorophosphate glasses are
shown in Fig. 6. Three upconverted bands are observed
to be centered at 491 nm (blue, medium), 543 nm (green,
very strong) and 658 nm (red, weak) originated from
the 5F3-

5I8, ( 5S2,
5F4)-

5I8 and 5F5-
5I8 transi-

tions. The intensity variation of these bands with
concentration of Ho2O3 is shown in Fig. 7. Similar
tricolor emission bands (not shown here) and trend of
variation of their intensity with concentration of Ho2O3

(Fig. 8) are also observed in normal (down conversion)
fluorescence spectra on excitation of the hypersensitive
band at 451 nm. Excitation spectrum with emission at
543 nm (the strongest green up and down conversion
emission band) is shown in Fig. 9. Both the absorption
(Fig. 5) and excitation (Fig. 9) spectra clearly advocate
the normal fluorescence which in turn supports the
origin of the above shown upconverted bands (Fig. 6).
This upconverted behavior of Ho3+ ion in the
oxyfluorophosphate glasses conforms well to those
observed in fluoride hosts such as ZBLAN glasses
[22,23] and LiYF4 crystals [22,24].
4. Discussion

4.1. Interpretation of IRRS spectra

The bands as shown in Fig. 2 have been assigned
based on our previous work [6–8] as follows: 1046 cm�1

band to the stretching vibration of the P–O� bonds of
[PO4]

3� ions, 940 cm�1 band to the stretching vibration
of fluorophosphates units [25,26] and 621 cm�1 band to
the asymmetric stretching vibration of bridging fluorine
atoms in the octahedrally coordinated Al–F–Al groups
of the mixture of oxyfluoro- and fluoro-species such as
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Table 2

UV-Vis-NIR absorption bands and their associated transitions of Ho3+ ion doped oxyfluorophosphate glass

Transitions Band position

Ground state Excited state Oxyfluorophosphate glass (this study) ZBLANP fluoride

glassa [19] (cm�1)

Aqueous solutiona

[20] (cm�1)

70.1 (nm) 72 (cm�1)

5I8-
5I7 1947.4 5135 5140 5130
5I5 891.5 11,217 11,250 11,120
5F5 640.5 15,612 15,649 15,500
5S2,

5F4 536.2 18,649 18,690 18,500
5F3 484.5 20,639 20,700 20,600
5F2 472.5 21,164 — 21,100
3K8 466.6 21,431 21,460 21,370
5G6,

5F1 450.6 22,192 22,320 22,100
5G5 416.2 24,026 24,100 23,950
5G4,

3K7 383.1 26,102 — 25,800
3H5,

3H6 359.6 27,808 27,860 27,700

aBand positions of Ho3+ ion in fluoride glass and aqueous solution are given for comparison.

Fig. 6. Upconversion fluorescence spectra of: (a) 0.1, (b) 0.3, and

(c) 1.0 mol% Ho2O3-doped oxyfluorophosphate glasses upon excita-

tion at lexc ¼ 892 nm. (The bases of the curves b and c are lifted for

better visualization.)

Fig. 7. Ho2O3 concentration dependence of intensity of upconversion

fluorescence bands at 491, 543, and 658 nm upon excitation at

lexc ¼ 892 nm.

Fig. 8. Ho2O3 concentration dependence of intensity of normal (down

conversion) fluorescence bands at 491, 543, and 658 nm upon

excitation at lexc ¼ 451 nm.
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F3Al–O–AlF3 and [AlF6]
3�. The strongly charged Al3+

ion links two or more fluorophosphate tetrahedral
[PO2F2]

3� or [PO3F]2� ions [27,28] to make the
polymeric glass matrix. On incorporation of Ho2O3 in
fluorophosphate glasses, the Ho3+ ion brings about the
breaking of these bridges and enters into the fluoride
phase as a result of the following type of reactions:

3½PO2F2
3�
Tetrahedra þ ½HoO3

3�
Octahedra þ 3½Al2F6OOctahedra

¼ 3½PO4
3�
Tetrahedra þ ½HoF6

3�
Octahedra

þ3½Al2F6Planar-bridge. ð1Þ
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Fig. 9. Excitation spectrum with emission at lemi ¼ 543 nm (the

strongest green up and down conversion emission band) of the

0.1 mol% Ho2O3-doped oxyfluorophosphate glass.
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Consequently, the concentration of the phosphate
species gradually increases and likewise the intensity of
the 1046 cm�1 band. The disappearance of the band at
940 cm�1 confirms that it must be due to a fluoropho-
sphates group and support the above reaction [26].

The shifting of the band position can be illustrated by
the Szigeti relation [29] of fundamental vibration
frequency, n (in cm�1) as follows:

n ¼ ðk=4p2c2mÞ0:5 (2)

which stipulates that the position of the fundamental
phonon frequency, o (wavenumber) is related to the
force constant (k), reduced mass (m) and speed of light
(c). The m can be defined by

m ¼ m�1
1 þ m�1

2 , (3)

where m1 and m2 are the masses of the bond forming
two atoms. It is, therefore, obvious from Eqs. (2) and (3)
that the n of the fluoride species at 621 cm�1 decreases
with increasing m due to incorporation of heavier Ho3+

ions into the fluoride phase. Considering the reaction as
shown in Eq. (1), similar arguments can be imposed for
the shifting of the phosphate band at 1046 cm�1 towards
higher frequency as well as its intensity increase.

It is well known that the intensity of an IR band
is directly controlled by the dipole moment (mDM)
gradient, dmDM=dr [6,27] and indirectly by the
force constant (k). The k (in mdyn Å�1) may be
expressed as [30]:

k ¼ 1:67 Nðw1w2=r2Þ
0:75

þ 0:3, (4)

where N is the bond order, w1 and w2 are the
electronegativities of the atoms, and r is the bond
distance. The changes in mDM, r, k, etc., which have
happened due to incorporation of Ho2O3 in the glass
matrix are, thus, responsible for increase and decrease in
intensity of the bands at 1046 and 621 cm�1, respectively
[6,27,31]. As a consequence of this fact, the IRRS curves
show an isosbestic point at 743 cm�1 (Fig. 2). The
observation of the isosbestic point is a good evidence of
the presence of phosphate and fluoride as two principal
species. It is also a strong argument in favor of the
existence of equilibrium between them in the oxyfluor-
ophosphate glasses in presence of Ho3+ ions [32].

4.2. Quantitative justification of UV-Vis-NIR absorption

band position

From inspection of the comparative UV-Vis-NIR
absorption positions of Ho3+ ions in various hosts as
listed in Table 2, it is seen that the bands of the
oxyfluorophosphate glass belong to in between position
of the fluoride glass and the aqueous solution. Here the
aqueous solution has been considered because of
property-wise it is very close to that of Ba(PO3)2 glass
(see Table 3) [33]. Thus, the band position shifts towards
lower frequency (energy) with the order of host:
ZBLANP fluoride glassooxyfluorophosphate glasso
aqueous solution. This shift can be interpreted in terms
of chemical bonding property of the ligand (here
fluorine or oxygen) that exerts influences on the position
of the absorption bands due to the so-called ‘‘nephe-

lauxetic effect’’ (literally means ‘‘charge cloud expan-
sion’’). Here, it may be noted that the nephelauxetic shift
is largely more discernible for those transitions in which
the electric dipole–dipole type interaction dominates.
According to Jørgensen [34], owing to this effect, the
phenomenological parameters of interelectron repulsion
are smaller in a host than in the corresponding free ions.
Mathematically, the Hamiltonian operator (H fi) of a
free paramagnetic ion can be expressed as [35]:

H fi ¼ Hel þ Hso þ Hcf , (5)

where Hel is the electrostatic interaction of the electron,
Hso is the spin–orbit interaction, and Hcf is the
interaction of the electrons with the crystal field due to
environment. When an ion is incorporated into a host,
due to nephelauxetic effect, the parameters Hel, Hso and
Hcf are reduced from their free ion values. All these
causes a contraction of the energy level structure of
the ion in that particular host compared to that of
free ion. Consequently, this leads to a shift of the
absorption bands towards lower frequency. Quantita-
tively, this fact can be expressed by the nephelauxetic



ARTICLE IN PRESS

Table 3

Nephelauxetic parameter, electronegativity, covalent and ionic bonding characteristics of various host of Ho3+ ion

Host of Ho3+ ion Composition (mol%) Nephelauxetic parameter,

b (� 10�2)

Electronegativity, Dw Covalent character (%)

ZBLANP fluoride glass 51.5 ZrF4–19.5 BaF2–5.3

LaF3–3.2 AlF3–18.0

NaF–2.5 PbF2

1.87 2.8 14

Oxyfluoro-phosphate glass 7 Ba(PO3)2–32 AlF3–30

CaF2–18 SrF2–13 MgF2

2.05 2.6 18

Aqueous solution 100 H2O 2.43 1.4 61

Barium metaphosphate

glassa
100 Ba(PO3)2 — 1.8 56

aCorresponding values of barium metaphosphate glass are given for comparison with those of aqueous solution.
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parameter, b as [34]:

b ¼ ðsfi � sihÞ=sfi, (6)

where sfi and sih are the maximum absorption frequency
of the free ion and the ion in a given host, respectively.
The calculated values of b obtained using Eq. (6) and
sfi ¼ 28; 391 cm�1 [36] for the hypersensitive 5I8-

3H6

transition have been listed in Table 3. The nephelauxetic
effect is explained by Jørgensen as an expansion of the
partly filled shell (4f n�1 of RE ions) due to the transfer
of the ligands to the core of the central RE ion. It is,
therefore, a measure of covalency effect [33,37]. The
degree of covalent bonding character of a host can be
estimated approximately using the formula [38]:

Covalent character ð%Þ ¼ exp½�0:25ðDwÞ2 � 100, (7)

where Dw is the electronegativity of the glass, that is, the
electronegativity difference (wA–wC) of the anions and
the cations. The average electronegativity of anions (wA)
or cations (wC) can be evaluated by the following simple
additive relation [5]:

wA or wC ¼
X

N iwi=
X

Ni, (8)

where N i and wi are the number of individual constituent
atom per mole and its electronegativity, respectively.

The calculated values of electronegativity, covalent
and ionic bonding characteristics of various hosts of the
Ho3+ ion obtained using Eqs. (7) and (8) are also
provided in Table 3. In this calculation Pauling’s
electronegativity values [38] were used. All the calcu-
lated values of aqueous solution agree well with those of
Pauling [38] which advocates the above calculation
method and the data obtained thereof for glasses. It is
obvious from the data presented in Table 3 that the
nephelauxetic parameter increases with increasing in
covalent character but decreasing in electronegativity
and ionic character. It, therefore, clearly indicates the
existence of a reliable correlation between the nephe-
lauxetic parameter and the covalent bonding character-
istics of various hosts of the Ho3+ ion. Hence, the
increasing order of the nephelauxetic parameter or
covalent bonding character of host is: ZBLANP fluoride
glassooxyfluorophosphate glassoaqueous solution.
This is analogous to the sequence of shifting of the
absorption band positions of Ho3+ ion found in these
hosts as mentioned earlier (and also see Table 2).
4.3. Interpretation and mechanism of photoluminescence

upconversion

The oxyfluorophosphate glasses doped with different
concentrations of Ho2O3 (0.1, 0.3 and 1.0 mol%) under
excitation at 892 nm emit three upconverted fluorescence
bands centered at 491, 543 and 658 nm (Fig. 6)
corresponding to the 5F3-

5I8, ( 5S2,
5F4)-

5I8 and
5F5-

5I8 transitions, respectively. Similar emission
bands have also been obtained in normal (down
conversion) fluorescence spectra on excitation at
451 nm. A combination of three mechanisms such as
excited state absorption (ESA), ET and CR as shown in
Fig. 10 and described below can explain the observed
upconversion emissions [22–24,39–41].

(i) ESA: The fluorescence band intensity increasing
order is red band (658 nm)oblue band (491 nm)ogreen
band (543 nm). This order remains constant irrespective
of the concentration of Ho2O3, up and down conver-
sions (Table 4 and Figs. 7 and 8). From inspection of the
ratio of I491:I543:I658 both of up and down conversions
for different concentrations of Ho2O3 (Table 4), it is seen
that the highest ratio exhibits in the lowest concentra-
tion of Ho2O3. It suggests that at low concentration, the
dominant mechanism is the ESA, which means the ET
process can generally be neglected. Because of the
efficiency of ESA is independent of Ho3+ ion concen-
tration since it involves only one active ion. In the ESA
process, the absorption of the first pump photon
(892 nm) by a Ho3+ ion (GSA), a population will grow
in the 5I5 energy level of the same ion which will
increase the possibility of absorbing another pump
photon by exciting it to the 5G6,

5F1 levels (ESA) in
the order: 5I8-

5I5-
5G6,

5F1. Because of the
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manifolds 5G6,
5F1 have energy corresponding to two

892 nm photons.
The difference in the intensity of the blue, green and

red fluorescence bands has happened due to the
difference in population of the 5F3,

5S2 and 5F5

metastable energy levels. The highest intensity of the
green band at 543 nm is caused by the highest population
of the 5S2 level supervened by the nonradiative multi-
phonon relaxation process through 5F3–

5S2 because of
the higher energy gap of DE ( 5G6–

5S2) than DE

( 5G6–
5F3). The rate of multiphonon relaxation process

(kMP) may be expressed as [12]:

kMP ¼ be�ap, (9)

where a and b are two host-dependent constants, and p is
the phonon order. The value of p can be calculated using
Table 4

Variation in relative intensity of up and down conversion fluorescence bands

Ho2O3, inter-ionic distance and polaron radius

Topic Correspondi

Concentration of Ho2O3 (mol%) 0.1

Inter-ionic distance, ri (Å) 28.7

Polaron radius, rp (Å) 11.6

Up conversion (lexc ¼ 892 nm)

Ratio of I491 at different concentration 1

Ratio of I543 at different concentration 1

Ratio of I658 at different concentration 1

Ratio of I491:I543:I658 at same concentration 1:7.40:0.86

Down conversion (lexc ¼ 451 nm)

Ratio of I491 at different concentration 1

Ratio of I543 at different concentration 1

Ratio of I658 at different concentration 1

Ratio of I491:I543:I658 at same concentration 1:7.09:0.86

Fig. 10. Partial energy level diagram of the Ho3+ ion in oxyfluoropho-

sphate glass showing transitions in GSA, ESA, ET, CR, and

upconversion fluorescence emissions under lexc ¼ 892 nm excitation

(R and NR represent the radiative and nonradiative transitions,

respectively).
the relation:

p ¼ DE=ho, (10)

where DE is the energy gap (3543 cm�1) between 5G6

and 5S2 levels, and ho is the phonon energy of the glass
host. From IRRS spectra (Fig. 2), ho is found to be
about 600 cm�1. It gives a value of about 6 to p which
involved in this relaxation process. The kMP decreases
strongly with increasing in p according to Eq. (9). It is
reported that low ho of the host can be obtained from
the phonon side band (PSB) spectra than that of the
IRRS spectra [42]. Because of the vibration of PSB
originates from the local vibration around the RE ions
only whereas in IRRS that represents the total vibrations
of the whole matrix [43]. However, the average ho values
of fluoride glasses obtained by PSB spectra have been
found to be very close to those obtained from the low
frequency stretching vibrations of IRRS spectra
[11,42–44]. It should be noted here that the dominant
ho would be 1046 cm�1 for the glasses with higher
phosphate content. This is because of the fact that the
electron–phonon coupling strength increased greatly
with increasing phosphate [45].

In the above way, the population of 5F5 metastable
energy level is low due to very large (3037 cm�1) energy
gap, DE ( 5S2–

5F5). The alternative way of population
of the 5F5 level is as follows. Close examination of the
energy level structure of Ho3+ ion for the 892 nm pump
photon (Fig. 10) discloses a quasi-resonant ESA
transition of 5I7-

5F5. The intermediate 5I7 level is a
long-lived one and populated by the multiphonon decay
process of 5I5-

5I6-
5I7, owing to low phonon energy

(�600 cm�1) of oxyfluorophosphate glasses because of
the large energy (5135 cm�1) gap, DE ( 5I7–

5I8). In this
condition, ESA transition 5I7-

5F5 dominates the red
emission transition of 5F5-

5I8 at 658 nm. Since the
pumping wavelength 892 nm is not exactly resonant with
this ESA transition, so the weak intensity of the red
at 491 nm (I491), 543 nm (I543) and 658 nm (I658) with concentration of

ng values

0.3 1.0

19.8 13.2

8.0 5.3

70.5 56.1

10.0 6.8

9.1 8.7

1:1.05:0.11 1:0.90:0.13

60.8 45.4

8.8 6.5

10.0 9.7

1:1.03:0.14 1:0.90:0.18
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band. This explanation agrees well with the ESA
mechanisms proposed for fluoride glasses [22] and
crystals [24].

(ii) ET: The intensity ratio data with respect to the
blue emission band at 491 nm of up and down
conversions with increasing concentration of Ho2O3 as
listed in Table 4 reveal that the highest intensity of all
the bands are at the concentration of 0.3 mol% Ho2O3.
These are also depicted in the Figs. 7 and 8. This fact
suggests the involvement of an ET process at relatively
higher concentration of active ion. Since the ET process
requires two Ho3+ ions in the intermediate excited
states hence its efficiency depends on the Ho3+–Ho3+

distance (ri) or polaron radius (rp), that is, on the
concentration of Ho2O3. The ri and rp, for 0.3 mol%
Ho2O3, are 19.8 and 8.0 Å, respectively (Table 4), which
are near enough for the ET process to take place.
The excited Ho3+ ions of the 5I5 and 5I7 levels transfer
energy to another excited Ho3+ ion of these levels according
to the resonant channels of ( 5I5,

5I5)-( 5I8,
5G6) and

( 5I7,
5I7)-( 5I8,

5I5), respectively. Such excitation of ET
enhances by the low phonon energy of the oxyfluoropho-
sphate glasses and results in higher population of 5F3,

5S2

and 5F5 storage levels. The mechanism reported by
Kishimoto et al. [41] corroborates the above ET processes.

(iii) CR: The intensity of all fluorescence bands
decreases as the concentration of Ho2O3 increase
beyond the 0.3 mol% (see Table 4 and Figs. 7 and 8).
This is known as concentration quenching and occurs by
the CR processes. Comparing the ionic radius (r) of
Ho3+ ion (r ¼ 1:0221:22 (A in the coordination number
(CN) range 8–12 [46]) with ri (13.2 Å) and rp (5.3 Å) for
the 1.0 mol% Ho2O3 (Table 4), the CR processes
appears to be responsible for decrease in intensity of
the bands due to closer proximity of the Ho3+–Ho3+

ion pair. It is observed that the concentration quenching
of Sm3+ in various hosts due to CR starts when the
mean distance of Sm3+–Sm3+ approaches 12–15 Å [39].
In the present case, depopulation of the 5F3,

5S2 and
5F5 storage levels enhances by the CR processes which
begins with one Ho3+ ion in these excited levels and
another one Ho3+ ion in the ground state ( 5I8). It
occurs through the resonant channels of ( 5F3,

5I8)-
( 5F5,

5I7), ( 5S2,
5I8)-( 5I4,

5I7) and ( 5F5,
5I8)-

( 5I7,
5I5). It corresponds well with the CR processes in

Ho3+:LiYF4 established by Kück and Sokólska [24].
The energy lost in the CR processes appears as lattice
vibrations.
5. Conclusions

The major findings on the study of IRRS, UV-Vis-
NIR absorption and photoluminescence upconversion
properties of Ho3+-doped oxyfluorophosphate glasses
are as follows. Various physical properties of the
0.1 mol% Ho2O3-doped glass have been evaluated both
experimentally and by theoretical calculation to estab-
lish its efficiency as an optical material. The variation of
the IRRS spectral band position and reflectivity with
different concentrations of Ho2O3 (0.1, 0.3 and
1.0 mol%) at �1046 and �621 cm�1 has been inter-
preted in terms of reduced mass and stretching force
constant. The UV-Vis-NIR absorption band positions
of Ho3+ ion have been justified by quantitative
calculation of naphelauxetic parameter, electronegativ-
ity, and covalent bonding characteristics along with
hosts. The photoluminescence upconversion bands
centered at 491, 543 and 658 nm have been justified by
the evaluation of the absorption, normal (down conver-
sion) fluorescence and excitation spectra. The upconver-
sion processes have been interpreted by the ESA, ET
and CR mechanisms. IRRS spectra clearly reveal that
the upconversion phenomenon is expedited by the low
multiphonon relaxation rate in oxyfluorophosphate
glasses owing to their low phonon energy (�600 cm�1)
which is very close to that of fluoride glasses
(500–600 cm�1). This study suggests that the Ho3+:
oxyfluorophosphate glasses may be considered as a
potential candidate for applications in upconversion-
based optical devices.
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