
Energy transfer between Eu3+ ions in calcium diborate glasses

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1999 J. Phys.: Condens. Matter 11 8739

(http://iopscience.iop.org/0953-8984/11/44/312)

Download details:

IP Address: 171.66.16.220

The article was downloaded on 15/05/2010 at 17:46

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/11/44
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Matter11 (1999) 8739–8747. Printed in the UK PII: S0953-8984(99)04593-2

Energy transfer between Eu3+ ions in calcium diborate glasses

V Lavı́n, I R Mart́ın, U R Rodŕıguez-Mendoza and V D Rodŕıguez
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Abstract. The evolution of the5D0 → 7F0 emission of Eu3+ ions in calcium diborate glasses
has been analysed using time resolved fluorescence line narrowing measurements in order to
give a complete view of the energy transfer processes between these ions. At low concentration
(2.5 mol% of Eu2O3) and exciting within the high energy side of the inhomogeneous7F0→ 5D0
absorption band, the luminescence spectrum mainly consists of a narrow resonant peak that repeats
the exciting profile, indicating that the migration processes between Eu3+ ions within the5D0 level
is not important. However, at higher concentrations (5 to 11.5 mol% of Eu2O3) the luminescence
spectrum contains not only a narrow emission but also a broad band due to ions excited by energy
transfer (background fluorescence), which for long times well reproduces the inhomogeneous
profile. The temporal evolution of the narrow band fluorescence and the shape of the background
fluorescence have been analysed using a previously proposed model. The purpose is to understand
the dynamics involved in the energy transfer processes caused by the interaction between Eu3+ ions
and the implications in their luminescence. A very good agreement with the experimental results
is found taking into account an energy dependent quadrupole–quadrupole(S = 10) non-radiative
energy transfer process assisted by a phonon from Eu3+ ions at high crystal field sites to ions at
low crystal field sites. The temperature dependence of the energy transfer processes is analysed in
the range from 13 to 60 K.

1. Introduction

Since the discovery of the laser in the 1960s, spectroscopic research in rare earth doped
crystalline and amorphous materials has received great attention due to the possibility of
using them in optical fibre communication technology, solid state lasers, light converters,
TV phosphors etc [1, 2]. Rare earth doped glasses are of special interest because of the role
of the inhomogeneous crystal field in their optical properties [3]. Because of the disordered
nature of the media, there are different sites for the rare earth ions in the same matrix that
generate broadened luminescence. The particular symmetry of the ion site and the nature
of the bonds with the coordinating ions rule the optical properties of these active ions. This
inhomogeneity is revealed by the luminescence spectra under site selective excitation [4–8].

On the other hand, when the distance between rare earth ions is short enough the interaction
between them induces energy transfer processes. The quasi-resonant energy transfer between
ions of the same species is called migration. This process can be analysed by time resolved
fluorescence line narrowing (TRFLN), it being possible to obtain information about a particular
subset of ions [9–16]. In this technique an inhomogeneously broadened absorption band is
excited with a monochromatic pulsed tunable laser. Initially, a narrow emission spectrum is
observed coming from ions with excitation energy resonant with the laser. As time goes on,
broad background fluorescence can be observed due to ions excited by energy transfer. The
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analysis of the fluorescence spectrum evolution in these experiments gives information about
the different sites occupied by the ions in the matrix and the interaction between them.

Together with Nd3+, the Eu3+ ion is the most frequent choice for a crystal field probe to
test the ion–ion and ion–matrix interactions in crystals and glasses [17]. The main advantages
are the simplicity of its energy level structure, the sensitivity shown by the luminescence to its
surroundings and the fact that the ground state7F0 and the lowest emitting state5D0 are not
split by the crystal field. Moreover, the relatively long lifetime of the5D0 level, between 1.6
and 2 ms in calcium diborate glasses [18], allows us to follow the temporal evolution of the
fluorescence without difficulty.

The present authors proposed theoretical expressions for the evolution of the fluorescence
in TRFLN experiments when there are migration processes assisted by a phonon [16]. These
expressions were used to analyse the migration processes between Yb3+ ions in fluoroindate
glasses. In this work, the energy transfer between different sites occupied by Eu3+ ions in
calcium diborate glasses is investigated by TRFLN as a function of temperature in the range
13–60 K. Borate glasses are interesting matrices for this study because they present a relatively
large broadening of the5D0 → 7F0 transition, when compared to other oxides [9], resulting
in a large energy mismatch between sites.

2. Experimental details

The samples used in this study were prepared with the following composition in mol%:
(66.66− x/2) CaO,(33.3− x/2) B2O3 andx Eu2O3, with x equal to 2.5, 5 or 11.5. Reagent
grade calcium carbonate and boric acid were heated in a platinum crucible for 12 hours at
900◦C. The mix was then crushed and the europium oxide was added. The final glass was
obtained by melting at 1150◦C for 2 hours and finally casting the melt into a slab on a stainless
steel plate at room temperature.

Broad band emission spectra were obtained by exciting the samples with light from a
250 W incandescent lamp passed through a 0.25 m monochromator. Fluorescence was detected
through a 0.25 m double monochromator with a photomultiplier. For TRFLN spectra a tunable
dye laser operating with Rhodamine 6G, pumped by aQ-switched 532 nm frequency-doubled
Nd-YAG laser, was used. The spectral linewidth was 0.15 cm−1 and the pulse width 5 ns.
The time resolved fluorescence was recorded using the 0.25 m double grating monochromator
with a maximum slit of 50µm and a photomultiplier. In order to avoid the saturation of the
detector by direct laser light, a mechanical chopper synchronized with theQ-switching was
inserted between the sample and the monochromator. Finally, a digital storage oscilloscope
controlled by a personal computer registered the signal. For low temperature measurements a
helium continuous flow cryostat was used in the range from 13 to 60 K.

3. Theoretical background

From TRFLN the ratioR(t, E0) of the intensity in the narrow bandIR, coming from ions with
energyE0 excited resonantly, to the total intensity, which includes the background fluorescence
IB , can be obtained. This relation can be expressed as

R(t, E0) = IR

IR + IB
. (1)

Huber and Ching obtained a general theoretical approximation forR(t)considering asymmetric
transfer rates and depending on the energy mismatch between ions [19]. They also obtained
an expression for the evolution of the background fluorescence.
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In a previous paper the present authors evaluated the expressions given by Huber and
Ching for the ratioR(t, E0) and the background fluorescence assuming a multipole interaction
assisted by a phonon [16]. In this case, the transfer probability from ions with energyE0 to
ions with energyE is given by

W0R = C
(S)
DA(E − E0)

RS
(2)

where S = 6, 8, 10, . . . depending on the interaction character (dipole–dipole,
dipole–quadrupole, quadrupole–quadrupole, . . .), R is the donor–acceptor distance and
C
(S)
DA(E − E0) is the donor–acceptor energy transfer parameter whose dependence on the

energy mismatch(E −E0) for processes with emission or absorption of a phonon is given by
[20]

C
(S)
DA(E − E0) ∝ |E − E0|

[
1

exp[|E − E0|/KT ]
+ 1

]
E 6 E0

or

C
(S)
DA(E − E0) ∝ |E − E0|

[
1

exp[|E − E0|/KT ]

]
E > E0. (3)

The solution found by the authors for the quantityR(t, E0) can be expressed by [16]

R(t, E0) = exp[−βt3/S ] (4)

with

β = CA 4π

3
0

(
1− 3

S

)∫
[C(S)DA(E − E0)]

3/SW
(3/S)−1
+ p(E) dE (5)

where

W+ = 1 + exp

(
E − E0

KT

)
(6)

andp(E) is the normalized inhomogeneous line shape.
It must be emphasized that if the transfer rate is symmetric and independent of the energy

mismatch between ions, the expressions proposed by Huberet al [19–21] can be obtained.

4. Results and discussion

The inhomogeneous excitation spectrum of the5D0 → 7F0 transition in calcium diborate
glass with 11.5 mol% of Eu2O3, obtained detecting at 611 nm (5D0→ 7F2 emission) at 13 K,
is presented in figure 1. The emission spectra from5D0 to the ground state7F0 with 2.5 and
11.5 mol% of Eu2O3 obtained under stationary broad band excitation at 395 nm (7F0→ 5L6

transition) and at 13 K are also shown in figure 1. Although the7F0 ↔ 5D0 transitions
are completely forbidden in the Judd–Ofelt theory [22, 23], where the intermediate coupling
scheme is used, they are allowed if ‘J -mixing’ between7FJ levels becomes important or the
symmetry of the crystal field acting on the active ion is low (CS,Cn orCnv symmetries) [24, 25].
The asymmetric, inhomogeneously broadened profiles observed for these transitions are due
to the large variation in the local crystal field acting on the Eu3+ ions from site to site. An
important shift of the emission band towards longer wavelengths with respect to the excitation
spectrum is found. This shift increases markedly with the Eu3+ concentration while the width
decreases. This effect is due to energy transfer processes towards the Eu3+ ions in the lowest
crystal field sites, which result to be very efficient in the glass with 11.5 mol% of Eu2O3.
A similar effect has also been observed in Yb3+ doped samples when the concentration was
enlarged and radiative energy transfer between these ions was not important [26, 27].
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Figure 1. Inhomogeneous excitation (—— 11.5 mol%) and emission (—·— 2.5 mol% and
– – – 11.5 mol%) spectra corresponding to the7F0↔5 D0 transitions obtained in calcium diborate
glasses doped with Eu2O3 at 13 K. Low energy level diagram of Eu3+ ions.

The TRFLN spectra with a delay of 3 ms after excitation at the high energy side of the
7F0→ 5D0 band in calcium diborate glasses with 2.5, 5 and 11.5 mol% of Eu2O3 at 13 K are
shown in figure 2. For the glass with 2.5 mol% of Eu2O3 mainly resonant emission coming
from the subset of ions initially excited is observed. This indicates that for this concentration
the energy transfer processes between ions are not important. The same conclusion was
obtained in the analysis of the energy transfer processes between Eu3+ (donors) and Ho3+ ions
(acceptors) in calcium diborate glasses with 2.5 mol% of Eu2O3 [18]. In this codoped sample
the luminescence decay curves from the5D0 level of the Eu3+ ions were well fitted to the
Inokuti–Hirayama model [28], which does not take into account migration between donors.
When the Eu3+ ion concentration is increased the background fluorescence becomes important.
It can be seen in figure 2 that 3 ms after the laser pulse with 11.5 mol% of Eu2O3 the integrated
background emission is higher than the resonant one.

TRFLN spectra obtained in calcium diborate glass with 11.5 mol% of Eu2O3 at 13 K with
increasing delay after laser pulse at 576.55 nm are presented in figure 3. It is noteworthy that the
background fluorescence spectra do not coincide with the inhomogeneous excitation spectrum
in figure 1. Although the excitation is carried out at 576.55 nm, close to the maximum of the
excitation spectrum, the background fluorescence is appreciable only at the long wavelength
side of the excitation. Moreover, the maximum of the fluorescence spectra is shifted towards
long wavelength with respect to the excitation spectrum. This indicates that the transfer
between the Eu3+ ions is asymmetric, the processes with emission of phonons are more probable
than those with absorption of phonons and the transfer furthermore depends on the energy
mismatch between donors and acceptors ions. On these conditions equation (4), proposed
by the authors, is expected to be adequate to describe the temporal evolution of the ratio
R(t, E0). On the other hand, when the delay increases a shift towards longer wavelengths of
the background fluorescence is observed; this is a consequence of successive energy transfer
from the acceptors to other Eu3+ ions. As a result, the background fluorescence tends to
resemble the5D0→ 7F0 inhomogeneous emission spectrum obtained under stationary broad
band excitation. Similar results have been obtained exciting at different wavelengths within
the7F0→ 5D0 inhomogeneous band at 13 K. In all the cases the transfer rate is asymmetric
and energy dependent.
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Figure 2. 5D0→ 7F0 TRFLN spectra in calcium diborate glasses doped with 2.5, 5 and 11.5 mol%
of Eu2O3 at 13 K with a delay of 3 ms after laser excitation at 576.55 nm.

The ratioR(t, E0), given by equation (1), has been calculated from TRFLN measurements.
The values obtained for this parameter with laser excitation at 576.55 nm are presented in
figure 4 as a function of delay time for different temperatures in 11.5 mol% of Eu2O3 doped
glass. It is found that values forR(t, E0) of 0.5 (i.e. the background emission is equal to the

Figure 3. 5D0→ 7F0 TRFLN spectra obtained in calcium diborate glass doped with 11.5 mol%
of Eu2O3 at 13 K versus delay after laser pulse at 576.55 nm. Spectra have been normalized to the
intensity of the resonant emission.
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resonant emission) are obtained 0.5 ms after the laser pulse in the glass with 11.5 mol% of
Eu2O3 at 13 K. Comparing with results for Yb3+ [16], it would be noticed that similar values
for R(t, E0) were obtained with a relatively low concentration of 0.75 mol% of YbF3. This
is due to the low probability of the forbidden5D0 ↔ 7F0 transitions, involved in the energy
transfer between Eu3+ ions, compared with the probability of the transitions2F7/2↔ 2F5/2 in
the Yb3+ ions. Therefore, relatively high concentrations of Eu3+ ions are necessary in order to
study energy transfer between them.

Figure 4. Values obtained forR(t, E0)as a function of delay time with laser excitation at 576.55 nm
at 13 and 60 K in calcium diborate glass doped with 11.5 mol% of Eu2O3. The solid lines correspond
to the fits to equation (4).

The fits ofR(t, E0) to equation (4) are also included in this figure. The values calculated
for S and β from these fits as a function of the temperature exciting at 576.55 nm are
included in table 1. All the values obtained forS are close to 10, indicating a dominant
quadrupole–quadrupole character for the interaction giving energy transfer in this glass. With
different excitation wavelength the best fit was also obtained for a quadrupole–quadrupole
interaction. In other glasses a dipole–dipole mechanism has been proposed [9, 12, 15], except
in the study of Alimovet al [29] that suggested a quadrupolar mechanism.

Table 1. Values obtained forS andβ at different temperatures in a calcium diborate glass doped
with 11.5 mol% of Eu2O3 and laser excitation at 576.55 nm.

T (K) S β (s−3/8)

13 9.6 8.03
20 9.7 8.28
30 10 8.54
40 9.8 8.70
50 10.1 9.06
60 9.9 9.28

In order to understand the quadrupole–quadrupole character of the interaction, it would
be taken into account that, when the dipole transitions are forbidden, the dipole–quadrupole
or the quadrupole–quadrupole interactions can be dominant in the transfer at enough short
distance between ions [30]. This is the case of the5D0 ↔ 7F0 transitions of Eu3+ ions and,
moreover, the energy transfer is analysed in glasses with relatively high concentration of Eu3+

ions, i.e. with short separation between them.
The parameterβ has been obtained from fits of experimental values ofR(t, E0) to

equation (4) for different temperatures and excitation wavelengths. The results in the
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temperature range from 13 to 60 K and with excitation at 576.55 nm are presented in figure 5.
The fit of the temperature dependence ofβ to equation (5) is also included in this figure taking
S = 10, the inhomogeneous line shapep(E) given by the normalized excitation spectrum
and considering processes with emission of a phonon with energy|E − E0|. From the fit
the energy transfer parameterC(S)DA(E − E0) is calculated. In order to compare the transfer
probability between Eu3+ ions with results for other ions, which can have other multipole
interaction character, the critical radius can be calculated from the equation

1

τ
= C

(S)
DA

(RC)S
(7)

i.e., the critical radius is the distance between ions for which the energy transfer probability
coincides with the radiative decay probability. For a energy mismatch|E − E0| of 30 cm−1,
corresponding to the mismatch between the ions excited at 576.55 nm and the maximum of
the excitation band to the5D0 level, the calculated critical radius is 4.2 Å. Meanwhile, for the
couple Eu3+–Ho3+ the value calculated with data of [18] for the same excitation wavelength
is 7.5 Å. For the migration between Yb3+ ions with the same energy mismatch of 30 cm−1,
from data of [16] a critical radius of 13.7 Å is obtained, using the proposed model. These
parameters for energy transfer are summarized in table 2. The relatively low critical radii for
migration between Eu3+ ions could be expected due to the low probability of the transition
among the5D0 and7F0 levels.

Figure 5. Temperature dependence ofβ ( ) in calcium diborate glass with 11.5 mol% of Eu2O3
with laser excitation at 576.55 nm. The solid line corresponds to the fit to equation (5) for
S = 10. Calculated curves for excitation at 575 and 578 nm are also included to show the
expected dependence ofβ on the excitation wavelength.

Table 2. Energy transfer parameters for different couples of ions. The radiative donor lifetimes
are also shown.

S τ (ms) C
(S)
DA (cmS s−1) RC (Å)

Eu3+–Eu3+ 10 1.8 9.5× 10−72 4.2
Eu3+–Ho3+ 6 1.8 1.0× 10−40 7.5
Yb3+–Yb3+ 8 1.55 8.1× 10−53 13.7

The temperature dependence obtained from the proposed equation (5) for the parameterβ

under excitation at 575 and 578 nm is also shown in figure 5. With excitation wavelength close
to the maximum of the excitation spectrum at 577.5 nm, the energy of the emitted phonons is
comparable toKT and thenβ depends appreciably onT . At shorter excitation wavelengths,
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Figure 6. Dependence ofR(t, E0) on the Eu2O3 concentration for the indicated delays after
excitation pulsed at 576.55 nm.

with |E − E0| � KT , a nearly temperature independent transfer rate would be expected as
can be seen in figure 5 for excitation at 575 nm. This would be the case of the results obtained
by Baldaet al in fluorophosphate glasses at 77 K [15].

From equation (5) a linear dependence of the parameterβ on the concentration is obtained
for any kind of multipole interaction. This result is tested in figure 6 where Ln[R(t, E0)] is
shown as a function of Eu2O3 concentration for different fixed delays, obtaining the expected
linear behaviour.

5. Conclusions

The energy migration between Eu3+ ions after excitation to the5D0 level has been studied
by TRFLN in calcium diborate glasses. From the experimental results it is found that the
energy transfer is asymmetric and energy dependent. These results are well fitted by the
equations previously proposed by the present authors to analyse this kind of process in Yb3+

doped fluoride glasses. The dominant interaction for Eu3+ ions is quadrupole–quadrupole
while for Yb3+ ions it was dipole–quadrupole. As would be expected, a relatively low critical
radius for the migration between Eu3+ ions is obtained. The transfer rate between Eu3+ ions
is temperature dependent and the results are well accounted for by the proposed equations for
energy mismatch comparable toKT .
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