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Time-resolved fluorescence line narrowing in Yb31-doped fluoroindate glasses

I. R. Martı́n, V. D. Rodrı́guez, U. R. Rodrı´guez-Mendoza, and V. Lavı´n
Departamento de Fı´sica Fundamental y Experimental, Universidad de La Laguna, 38206 La Laguna, Tenerife, Spain

~Received 16 June 1997!

Fluorescence line narrowing measurements have been carried out between the lowest Stark components of
the 2F5/2→2F7/2 transition of Yb31 ions in fluoroindate glasses. At low concentration~0.15 mol % of Yb31!
the luminescence spectrum consists in a narrow band which repeats the exciting profile, so the migration
processes between Yb31 ions are not important at this concentration. However, at higher concentrations~0.75
or 2.25 mol %! the luminescence spectrum contains moreover a broad band produced by other ions nonexcited
initially ~background fluorescence!. A model is proposed to describe the temporal evolution of the narrow band
fluorescence and the shape of the background fluorescence. A very good agreement with the experimental
results is found taking into account a dipole-quadrupole (S58) nonradiative energy transfer process assisted
by a phonon.@S0163-1829~98!03406-7#
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I. INTRODUCTION

The conversion from infrared to visible light~upconver-
sion! has been extensively investigated over the last two
cades. In these processes the most efficient and therefor
most important schemes have been obtained in fluoride c
pounds involving successive transfer from Yb31 to activator
ions ~Er31, Ho31, or Tm31!.1–4 Fluoroindate glasses are no
emerging as a promising group for efficient upconvers
processes because of their low phonon energies in com
son with other fluoride glasses.5–9 On the other hand, the
upconversion efficiency is largely influenced by the ene
transfer between Yb31 ions, so the knowledge of these m
gration processes is essential in order to obtain systems
high upconversion efficiency. In this way, the time resolv
fluorescence line narrowing~TRFLN! technique has proven
to be a powerful tool to analyze these migration proces
between ions.

In the TRFLN technique an inhomogeneously broade
absorption band is excited with a monochromatic puls
light. Initially, a narrow line emission spectrum coming fro
ions that were excited by the incident light is observed. Ho
ever, as time passes broad background fluorescence ca
observed coming from ions excited by energy transfer. T
analysis of the fluorescence spectrum evolution in these
periments allows us to obtain information of the microsco
transfer processes between ions, the different sites occu
by the ions in the matrix, the homogeneous widths of
transitions, etc.

The Yb31 ions are especially interesting for TRFLN me
surements because these ions present a simple level s
ture. They have only two levels with a gap between them
about 10 000 cm21 and the Stark components are well r
solved at low temperature. Moreover, the relatively long li
time ~about 1.66 ms in fluoroindate glasses10! allows us to
follow the temporal evolution of the fluorescence witho
difficulty.

However, there are only a few works dealing with t
TRFLN of Yb31 in glasses and, in particular, analyzing t
background fluorescence evolution such as Refs. 11 and
It is found that a theoretical model which explains the sp
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tral diffusion in glasses is needed.
In this work, the energy transfer between different si

occupied by Yb31 ions in fluoroindate glasses is investigat
by TRFLN as a function of concentration in the range 0.1
2.25 mol %. Theoretical expressions for the evolution of
fluorescence are obtained in order to analyze these ex
mental results.

II. EXPERIMENTAL

The samples used in this study were prepared with
following composition in mol %: (40-x) InF3, 20ZnF2,
20SrF2, 20BaF2 andx YbF3, with x equal to 0.15, 0.75, or
2.25. Broad band emission spectra were obtained by exc
the samples with light from a 250 W incandescent lam
passed through a 0.25 m monochromator. Fluorescence
detected through a 0.25 m double monochromator wit
silicon avalanche photodiode.

For TRFLN spectra a tunable jet dye laser was used
excitation source. This laser was pumped by the 532
pulsed light from a doubled Nd-YAG laser. The time r
solved fluorescence was recorded using a digital storage
cilloscope controlled by a personal computer. For lo
temperature measurements a helium continuous flow cryo
was utilized in the range from 12 to 50 K.

III. THEORETICAL REVIEW

In TRFLN experiments the temporal evolution of th
fluorescence can be analyzed by using a formalism base
rate equations for the set of functions$Pn(t)%,13–18 where
Pn(t) is the probability that ionn is excited at timet:

dPn~ t !

dt
52S 1

tn
1Xn1 (

nÞn8
Wnn8D Pn~ t !

1 (
n8Þn

Wn8nPn8~ t !, ~1!
3396 © 1998 The American Physical Society



u
e
n
n

i

-
i.e

t
pr
io
d

le
r
io

-

r

wi

al

for
as-

-
ga-
a

-

on

ter
le,

n-

57 3397TIME-RESOLVED FLUORESCENCE LINE NARROWING . . .
wheretn is the lifetime of ionn, Xn is the transfer rate from
ion n to all the traps in the system, andWnn8 is the transfer
rate from ionn to ion n8.

In systems where the spectral transfer leads to backgro
fluorescence, the most appropriate quantitative measur
the transfer is the ratio of the intensity in the narrow ba
I R , coming from ions excited resonantly, to the total inte
sity, which includes the background fluorescenceI B . This
relation can be expressed as

R~ t !5
I R

I R1I B
. ~2!

If tn is equal for all the ions and the transfer to the traps
ignored, thenR(t) is identified with the functionP0(t)
which is the solution to Eq.~1! having excluded the contri
butions of the lifetime and the transfer rate to the traps,

dPn~ t !

dt
52 (

n8Þn

Wnn8Pn~ t !1 (
n8Þn

Wn8nPn8~ t !, ~3!

with the initial conditionsP0(0)51 and Pn(0)50 for n
Þ0.

Exact solutions forP0(t) when the active ions form par
of an arranged lattice and under certain restrictions are
sented in Ref. 13. However, the calculation of the funct
P0(t) is very complicated when the ion array is disordere
When this happens it is necessary to compareR(t) with the
configurational average ofP0(t). In this case a reasonab
approximation toR(t) for systems with asymmetric transfe
rates and depending on the energy mismatch between
was obtained by Huber and Ching.15 Their results can be
expressed by

R~ t,E0!5)
L
E dELp~EL!H 11cFexp~2W0Lt !

W0L1WL0

3@WL0 exp~W0Lt !1W0L exp~2WL0t !#21G J ,

~4!

whereE0 is the energy of ions excited by a pulse att50, the
index L refers to sites,p(E) is the normalized inhomoge
neous line shape,c is the probability that siteL is occupied,
andW0L is the transfer rates between sites and they are
lated by the detailed balance equation

W0L exp~2E0 /KT!5WL0 exp~2EL /KT!. ~5!

The background fluorescence spectra do no coincide
the inhomogeneous line shape when the transfer rates
asymmetric and energy dependent. Huber and Ching
analyzed the evolution of the background.15 They obtained
the following expression for the probabilityf (t,E,E0) that
ions with energyE are excited at timet:
nd
of

d
-

s
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n
.
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f ~ t,E,E0!5
@12R~ t,E0!#p~E!

ln R~ t,E0!

3F2CA4pE
0

RV
R2dRS 12

1

W2

2
exp~2W0RW1t !

W1
D G , ~6!

whereR(t,E0) is given by Eq.~4!.

IV. EVOLUTION OF THE FLUORESCENCE

A. Resonant fluorescence

In order to be compared with experimental results, Eq.~4!
must be evaluated assuming an interaction mechanism
the energy transfer processes. A multipole interaction
sisted by a phonon will be here considered.

The right-hand side of Eq.~4! may be written as the ex
ponential of a sum of logarithms and expanding the lo
rithms to first order inc. If the transfer rate is treated as
continuous function of the separation and the sum onL is
converted to an integral, then

R~ t,E0!5expF2CA4pE
0

RV
R2dRE S 12

1

W2

2
exp~2W0RW1t !

W1
D p~E!dEG , ~7!

whereRv is the radius of a sphere of volumeV that contains
a high number of ionsN so thatN/V is the acceptor concen
tration CA and the termsW1 andW2 are given by

W1511expS E2E0

KT D , ~8!

W2511expS 2
E2E0

KT D . ~9!

Considering a multipole interaction assisted by a phon
W0R can be expressed by

W0R5
CDA

~S!

RS W~E2E0!, ~10!

where S56,8,10,..., depending on the interaction charac
~dipole-dipole, dipole-quadrupole, quadrupole-quadrupo
etc.!, R is the donor-acceptor distance,CDA

(S) is the donor-
acceptor energy transfer parameter, andW(E2E0) is the
probability of emission or absorption of a phonon with e
ergy uE2E0u and can be expressed as19

W~E2E0!

5H uE2E0uF 1

exp@ uE2E0u/KT#21
11G E<E0 ,

uE2E0uF 1

exp@ uE2E0u/KT#21G E>E0 .

~11!
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Evaluating Eq.~7! in the limit Rv→`, finally

R~ t,E0!5exp@2bt3/S#, ~12!

with

b5CA

4p

3
~CDA

~S! !3/SG~123/S!

3E W~E2E0!3/SW1
3/S21p~E!dE. ~13!

As a particular case, if the transfer rate is symmetric a
independent of the energy mismatch between ions, then
expression proposed in Ref. 13 is obtained, i.e.,

R~ t,E0!5expF2CA

4p

3
~CDA

~S! !3/SG~123/S!23/S21t3/SG .
~14!

It must be emphasized that Eq.~14! has the same functiona
dependence ont that Eq.~12! does.

FIG. 1. Inhomogeneous emission line shape between the lo
Stark components of the transition2F5/2→2F7/2 in fluoroindate
glass with 0.75 mol % of Yb31 at 12 K. The excitation wavelength
was 920 nm.

FIG. 2. TRFLN measurement in fluoroindate glass with 0.
mol % of Yb31 at 12 K with a delay of 3 ms after laser excitation
974.6 nm.
d
he

B. Background fluorescence

The evolution of the background fluorescence after
excitation pulse, given by Eq.~6!, can also be evaluated as
suming a multipole interaction mechanism assisted by a p
non. The obtained result can be expressed by

f ~ t,E,E0!5
@12R~ t,E0!#p~E!

ln R~ t,E0! F2CA

4p

3
G~123/S!

3„CDA
~S!W~E2E0!t…3/SW1

3/S21G , ~15!

where R(t,E0) is now given by Eq.~12!. As a particular
case, if the transfer rate is symmetric and independent of
energy mismatch between ions, the expression propose
Huber and Ching15 can be obtained from Eq.~15!.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The inhomogeneous emission line shape correspondin
the transition between the lowest Stark components of
levels 2F5/2 and 2F7/2 of Yb31 ions is presented in Fig. 1
This spectrum has been obtained exciting at 920 nm a flu

st FIG. 3. Lifetime as a function of excitation wavelength for flu
oroindate glass with 0.15 mol % of Yb31 at 12 K.

FIG. 4. TRFLN spectra obtained in fluoroindate glass with 0.
mol % of Yb31 at 12 K with increasing delay after laser pulse
974.6 nm. Spectra have been normalized to the intensity of
narrow line emission.
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oindate glass with 0.75 mol % of Yb31 at 12 K. The emis-
sion spectrum changes when the Yb31 concentration is en-
larged due to efficient radiative energy transfer processe10

In the matrix in which these processes are not relevant,12,20a
shift of the emission band towards higher wavelength wh
the Yb31 concentration is enlarged, due to migration pr
cesses between Yb31 ions, has been observed.

The TRFLN measurement with a delay of 3 ms after e
citation in fluoroindate glass with 0.15 mol % of Yb31 at 12
K is showed in Fig. 2. It is outstanding that, within the e
perimental resolution, only is observed emission com
from ions excited initially. This allows to conclude that fo
this concentration the transfer processes between diffe
sites are negligible. The same conclusion was obtained in
analysis of the energy transfer processes between Yb31 ~do-
nor! and Tm31 or Ho31 ions ~acceptors! in fluoroindate
glasses with low concentrations of Yb31.10,21 In these
codoped samples the luminescence decay curves of the Y31

ions were well fitted to the Inokuti model,22 which does not
take into account migration between donors.

Since the energy transfer processes are negligible for
centrations of 0.15 mol %, it is possible to obtain the Yb31

lifetime for each site exciting with a narrow line and me

FIG. 5. TRFLN spectra obtained in fluoroindate glass with 2
mol % of Yb31 at 12 K with increasing delay after laser pulse
974.6 nm. Spectra have been normalized to the intensity of
broad band emission.

FIG. 6. Ratio between the TRFLN spectrum obtained with
delay of 100ms in fluoroindate glass with 2.25 mol % of Yb31 and
the inhomogeneous band~Fig. 1!. The lines correspond to the ratio
calculated from Eq.~15! with different values forS.
.
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suring the fluorescence temporal evolution. The decays
well fitted by exponential curves in the central zone of t
band, but the fits worse in the tails while the lifetime d
creases. In Fig. 3 the obtained lifetime is presented as a f
tion of excitation wavelength at 12 K. A similar dependen
of the lifetime has also been observed in oth
matrices.12,23,24 The nonexponential behavior of the deca
observed in the tails of the inhomogeneous band, accord
to Savostyanovet al.12 in phosphate glasses, could be due
the existence of centers with the same energy but with
ferent lifetime.

TRFLN spectra obtained in fluoroindate glasses with 0
and 2.25 mol % of Yb31 are presented in Figs. 4 and
respectively. These spectra have been obtained at 12 K
increasing delays after laser pulse at 974.6 nm. It is notew
thy that for these concentrations the background fluoresce
at long times becomes important, especially in the sam
with 2.25 mol % of Yb31 and in the low-energy side.

In order to analyze the dependence of the transfer rate
the energy mismatch, TRFLN spectra have been obtai
exciting at different positions in the inhomogeneous ba
The background fluorescence observed in these meas
ments depends on the excitation wavelength. The ratio
tween the TRFLN spectrum obtained with a delay of 100ms
and the inhomogeneous band~Fig. 1! is presented in Fig. 6
This ratio can be also calculated from Eq.~15! considering a
probability W(E2E0) given by Eq. ~11!. The results are
presented in Fig. 6 for different values ofS. As it can be

e

FIG. 7. Values obtained forR(t) as a function of delay time
with laser excitation at 974.6 nm at different temperatures in flu
oindate glass with 0.75 mol % of Yb31. The solid lines correspond
to the fits to Eq.~12!.

TABLE I. Values obtained forS andb at different temperatures
in fluoroindate glass with 0.75 mol % of Yb31 and laser excitation
at 974.6 nm.

T~K! S b(s23/8)

12 7.6 13.4
21 7.5 15.1
30 7.4 16.6
40 7.6 18.3
50 7.8 19.4
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observed, a good fitting is obtained withS58 indicating that
the transfer toward different sites has dipole-quadrup
character and is assisted by a phonon.

This mixed character of the quasiresonant transfer
tween Yb31 ions can result surprising but it can be unde
stood with the following considerations. An expression
WOR more general than Eq.~10! would include a sum ove
terms with different values ofS. The dominant term in this
sum depends on the values of the parametersCDA

(S) and on the
mean distance between ions. Therefore, it depends on
dipole and quadrupole transition probabilities for an isola
ion and on the concentration of ions. For long distances,
dipole-dipole term is dominant but when the distance
tween ions is decreased, the other contributions toWOR can
be higher.

The energy of the phonons involved in the transfer cor
sponds to the difference of energyE2E0 between donor and
acceptor. From the inhomogeneous profile in Fig. 5, it
concluded that this energy is lower than 80 cm21.

The ratioR(t), given by Eq.~2!, has been calculated from
TRFLN measurements. The values obtained for this par

FIG. 8. Temperature dependence ofb ~j! in fluoroindate glass
with 0.75 mol % of Yb31 with laser excitation at 974.6 nm. Th
solid line corresponds to the fit to Eq.~13!.
, J
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eter with laser excitation at 974.6 nm are presented in Fig
as a function of delay time for different temperatures in fl
oroindate glass with 0.75 mol % of Yb31. The fits to Eq.~12!
are also included in this figure.

The values calculated forS andb from the fits presented
in Fig. 7 are included in Table I. From these results a me
value of 7.6 is obtained forS. Moreover, in a sample with
2.25 mol % of Yb31 a value of 7.7 forS has been obtained a
12 K with laser excitation at 974.6 nm. If the excitation
carried out at 973.4 nm the values obtained forS at 12 K are
7.5 and 8.8 in samples with 0.75 and 2.25 mol % of Yb31,
respectively. In conclusion, all the values obtained forS are
closed to 8, independent of the concentration, the temp
ture of the sample, or the excitation wavelength. This res
is in agreement with the value obtained above from
analysis of the background fluorescence evolution.

The temperature dependence ofb in the range from 12 to
50 K is presented in Fig. 8. A similar behavior was found f
the diffusion parameter analyzing the energy transfer p
cesses in fluoroindate glasses codoped with Yb31 and Tm31

or Ho31.21 The fit to Eq. ~13!, consideringS58, W(E
2E0) given by Eq.~11! and the inhomogeneous line sha
p(E) given by the inhomogeneous emission presented
Fig. 1, is also included in Fig. 8. The agreement can
considered reasonably good within the approximations
volved in the theoretical model. A value of 2.
310254 cm8 s21 for the transfer parameterCDA

(8) is obtained
from the fitting.

VI. CONCLUSIONS

Theoretical expressions for the evolution of the narr
band emission and the background fluorescence in TRF
experiments in glasses have been obtained. An asymm
and energy dependent transfer mechanism, based on a
non assisted multipole interaction, was considered. V
good agreement with experimental results in Yb31 doped
fluoroindate glasses is found. The interaction between Y31

ions would have dipole-quadrupole character in the
glasses.
t.

.

1D. C. Yeh, W. A. Sibley, M. Suscavage, and M. G. Drexhage
Appl. Phys.62, 266 ~1987!.

2S. Inoue, A. Nukuii, K. Soga, and A. Makishima, J. Am. Cera
Soc.77, 2433~1994!.

3A. Shikida, H. Yanagita, and H. Toratani, J. Opt. Soc. Am. B11,
928 ~1994!.

4Y. Mita, H. Yamamoto, K. Katayanagi, and S. Shionoya, J. Ap
Phys.78, 1219~1995!.

5Luı́s E. E. de Arau´jo, A. S. L. Gomes, Cid B. de Arau´jo, Y.
Messaddeq, A. Florez, and M. A. Aegerter, Phys. Rev. B50,
16 219~1994!.
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