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Time-resolved fluorescence line narrowing in YB*-doped fluoroindate glasses
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Fluorescence line narrowing measurements have been carried out between the lowest Stark components of
the 2Fg,,— 2F, transition of YB* ions in fluoroindate glasses. At low concentrati®nl5 mol % of YB™)
the luminescence spectrum consists in a narrow band which repeats the exciting profile, so the migration
processes between Yhions are not important at this concentration. However, at higher concentrélidifs
or 2.25 mol % the luminescence spectrum contains moreover a broad band produced by other ions nonexcited
initially (background fluorescenceA 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-quadrup&@e 8) nonradiative energy transfer process assisted
by a phonon[S0163-182€08)03406-7

[. INTRODUCTION tral diffusion in glasses is needed.
In this work, the energy transfer between different sites

The conversion from infrared to visible ligltupconver-  occupied by YB" ions in fluoroindate glasses is investigated
sion) has been extensively investigated over the last two deby TRFLN as a function of concentration in the range 0.15-
cades. In these processes the most efficient and therefore tAe25 mol %. Theoretical expressions for the evolution of the
most important schemes have been obtained in fluoride confluorescence are obtained in order to analyze these experi-
pounds involving successive transfer from3Yho activator ~mental results.
ions(Er**, Ho®*", or Tn™).2~* Fluoroindate glasses are now
emerging as a promising group for efficient upconversion
processes because of their low phonon energies in compari- Il. EXPERIMENTAL
son with other fluoride glassés® On the other hand, the - .
upconversion efficiency is largely influenced by the energy, Th? samples u_s,_ed n this St”‘?y were prepared wiih the
transfer between Y4 ions, so the knowledge of these mi- following composition in m(_)I %: (404 InF;, 20Znk,
gration processes is essential in order to obtain systems wi OSrk, 20Bah andx_Yb_Fs, with x equal to O'.15' 0.75, or
high upconversion efficiency. In this way, the time resolved .25. Broad band emission spectra were obtained by exciting

fluorescence line narrowin@rRFLN) technique has proven the Sa(.erlﬂleS V;’}'th (l)'gtht from a ZhSO thnc'e;rlldescent lamp
to be a powerful tool to analyze these migration processe assed through a U.c> m monocnromator. Fluorescence was
between ions. etected through a 0.25 m double monochromator with a

- ; ilicon avalanche photodiode.
In the TRFLN technique an inhomogeneously broadened’ .
absorption band is excited with a monochromatic pulsed F_tort_TRFLN Speﬁ_t? al tunable jet dye Igsﬁr V;':S g;gd as
light. Initially, a narrow line emission spectrum coming from excitation source. this faser was pumped by the nm

ions that were excited by the incident light is observed. Howpulsed light from a doubled Nd'YAC'.' Iaser.. '!'he time re-
ever, as time passes broad background fluorescence can ?)#Ved fluorescence was recorded using a digital storage os-
I

observed coming from ions excited by energy ransfer. Thig, T5PRE, PPCRE Y 8 Bt RO Rt
analysis of the fluorescence spectrum evolution in these ex- P y

periments allows us to obtain information of the microscopicWas utilized in the range from 12 to 50 K.

transfer processes between ions, the different sites occupied

by the ions in the matrix, the homogeneous widths of the
transitions, etc. Ill. THEORETICAL REVIEW

The YB* ions are especially interesting for TRELN mea-  |n TRELN experiments the temporal evolution of the

surements because these ions present a simple level strygiorescence can be analyzed by using a formalism based on

ture. They haveitznly two levels with a gap between them of 4t equations for the set of functiofiB,(t)},3~18 where
about 10 000 cm™ and the Stark components are well re- P,(t) is the probability that iom is excited at time:

solved at low temperature. Moreover, the relatively long life-
time (about 1.66 ms in fluoroindate glas%‘ésallows us to

follow the temporal evolution of the fluorescence without dP,(t) 1

difficulty. G| Xt > W | Pa(t)
However, there are only a few works dealing with the n n#n’

TRFLN of Yb%' in glasses and, in particular, analyzing the

background fluorescence evolution such as Refs. 11 and 12. + D W Pai(h), (1)

It is found that a theoretical model which explains the spec- n’#n
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wherer, is the lifetime of ionn, X, is the transfer rate from [1—R(t,Eq) ]p(E)
ion n to all the traps in the system, aitd,,, is the transfer F(t,E,.Eo)= — R(L.Ey)
rate from ionn to ionn’. 0

In systems where the spectral transfer leads to background Rv , 1
fluorescence, the most appropriate quantitative measure of X _CA47TJO R dR(l_W_
the transfer is the ratio of the intensity in the narrow band -
Ir, coming from ions excited resonantly, to the total inten- exp(—WorW  t)
sity, which includes the background fluorescemge This - W—+” (6)

relation can be expressed as
whereR(t,Ey) is given by Eq.(4).

R(t)= | Ifl _ ) IV. EVOLUTION OF THE FLUORESCENCE
RTIB
A. Resonant fluorescence

If 7, is equal for all the ions and the transfer to the traps is |n order to be compared with experimental results, @j.
ignored, thenR(t) is identified with the functionPy(t) must be evaluated assuming an interaction rnechar1_|sm for
which is the solution to Eq(1) having excluded the contri- the energy transfer processes. A multipole interaction as-

butions of the lifetime and the transfer rate to the traps, i.e.Sisted by a phonon will be here considered.
The right-hand side of Eq4) may be written as the ex-

ponential of a sum of logarithms and expanding the loga-

dPy(t) rithms to first order inc. If the transfer rate is treated as a
T _n,%:n W“n’Pn(t)Jrn%n WaaPor (D), (3) continuous function of the separation and the sumLois
converted to an integral, then

with the initial conditionsPy(0)=1 and P,(0)=0 for n Ry 1
£0. R(t,Eq)=ex —CA4qTf deRf 1-W

Exact solutions foiPy(t) when the active ions form part B
of an arranged lattice and under certain restrictions are pre- exp(— WorW, t)
sented in Ref. 13. However, the calculation of the function - W—) p(E)dE|, (7)

+

Po(t) is very complicated when the ion array is disordered.
When this happens it is necessary to compa(® with the  whereR, is the radius of a sphere of volurvethat contains
configurational average d?o(t). In this case a reasonable a high number of ion# so thatN/V is the acceptor concen-

approximation taR(t) for systems with asymmetric transfer tration C, and the term&V, andW_ are given by
rates and depending on the energy mismatch between ions

was obtained by Huber and ChifgTheir results can be E-E,
expressed by W =1+exg — 5/, (8
E-E
exp(—WoLt) W_= 1+exp< = O) 9)
R(t,Eq)= J’dE E)il+Cc|l———" - :
(t,Eo) l_L[ LP(EL) Wo, + W, KT
Considering a multipole interaction assisted by a phonon
X[W\ g exp(Wo t)+Wq, exp(—WLot)]—1H, Wgr can be expressed by
4 c®
@ Wor="gs W(E~Eo), (10

whereE, is the energy of ions excited by a pulsetat0, the et 5=6.8,10,..., depending on the interaction character

index L refers to sitesp(E) is the normalized inhomoge- (di ; ;
. X - o . pole-dipole, dipole-quadrupole, quadrupole-quadrupole,
neous line shape is the probability that sit& is occupied, etc), R is the donor-acceptor distanc@fjs,{ is the donor-

and W, is the transfer rates between sites and they are re- _ ;
lated by the detailed balance equation acceptor energy transfer parameter, &(E—E,) is the

probability of emission or absorption of a phonon with en-
ergy |[E—E,| and can be expressed'as

WOL exq_Eo/KT):WLO eX[‘.(—EL/KT) (5)

W(E—Ey)
The background fluorescence spectra do no coincide with |E—E,| ! +1| E<E,,
the inhomogeneous line shape when the transfer rates are B exf |[E—Eo|/KT]-1
asymmetric and energy dependent. Huber and Ching also 1
analyzed the evolution of the backgroulidThey obtained |E—E oxH|E—E |/KT]—1} E=E,.
0

the following expression for the probabilitfi(t,E,E,) that
ions with energyE are excited at time: 1y
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FIG. 1. Inhomogeneous emission line shape between the lowest FIG. 3. Lifetime as a function of excitation wavelength for flu-
Stark components of the transitiofFs,—2F, in fluoroindate  oroindate glass with 0.15 mol % of Ybat 12 K.
glass with 0.75 mol % of Y& at 12 K. The excitation wavelength
was 920 nm. B. Background fluorescence

The evolution of the background fluorescence after the
excitation pulse, given by Ed6), can also be evaluated as-
suming a multipole interaction mechanism assisted by a pho-
non. The obtained result can be expressed by

[1-R(t,Eq)]p(E)
In R(t,Ey)

Evaluating Eq(7) in the limit R,—oo, finally
R(t,Eq) =exy — Bt%S], (12)

with
f(t,E,Eq) =

41
—Ca 3 I'(1-3/S)

A1
B=Ca = (CH*T(1-3/5)

X (CEIW(E—Eg)t)¥SwW3s~1 ], (15)

X f W(E—E)*SW3* 'p(E)dE. (13 _ _ _
where R(t,Ey) is now given by Eq.(12). As a particular

_ _ _ _ case, if the transfer rate is symmetric and independent of the

As a particular case, if the transfer rate is symmetric an%nergy mismatch between ions, the expression proposed by

independent of the energy mismatch between ions, then thguber and Chintf can be obtained from Eq15).
expression proposed in Ref. 13 is obtained, i.e.,

V. EXPERIMENTAL RESULTS AND DISCUSSION

_ AT () 315143/
R(t,Eo)=exp —Ca 3 (Con) ™ T(1=3/5)272 17|, The inhomogeneous emission line shape corresponding to
(14)  the transition between the lowest Stark components of the
levels 2F 5, and 2F,, of Yb®" ions is presented in Fig. 1.
It must be emphasized that E§4) has the same functional This spectrum has been obtained exciting at 920 nm a fluor-
dependence onthat Eqg.(12) does.
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FIG. 4. TRFLN spectra obtained in fluoroindate glass with 0.75

FIG. 2. TRFLN measurement in fluoroindate glass with 0.15mol % of Yb*" at 12 K with increasing delay after laser pulse at
mol % of YB** at 12 K with a delay of 3 ms after laser excitation at 974.6 nm. Spectra have been normalized to the intensity of the
974.6 nm. narrow line emission.



57 TIME-RESOLVED FLUORESCENCE LINE NARROWIS . .. 3399

2.0 50 K
40K 7
§1.5 30K—;
12K
t(ms) \E/
= 1.0

e
(o

o by el

F'GS TRFLNSpeCtraObtainedinﬂuoroindateglaSSWith2.25 0.0|||||||:||||n||||¢||||||||||||||||n|||||||||||||||||||||:|‘
mol % of Yb*" at 12 K with increasing delay after laser pulse at 0.0 0.3 1.0 L5 2.0 23 3.0
974.6 nm. Spectra have been normalized to the intensity of the t (ms)

broad band emission. ) ) ]
FIG. 7. Values obtained foR(t) as a function of delay time

. . o . Wwith laser excitation at 974.6 nm at different temperatures in fluor-
O]ndate glass with 0.75 mol % of ;?b at 12 K. T_he SMIS™ " Gindate glass with 0.75 mol % of Yb. The solid lines correspond
sion spectrum changes when the*Ykconcentration is en- 0 the fits to Eq(12)

larged due to efficient radiative energy transfer proce¥ses.
In the matrix in which these processes are not rele . .
suring the fluorescence temporal evolution. The decays are

shift of Ehe emisston band towards higher wavglength Wher\]/vell fitted by exponential curves in the central zone of the
the YB*" concentration is enlarged, due to migration pro-

cesses between ¥bions. has been observed band, but the fits worse in the tails while the lifetime de-
The TRELN measurer,nent with a delay of '3 ms after eX_creases. In Fig. 3 the obtained lifetime is presented as a func-
citation in fluoroindate glass with 0.15 mol % of ¥bat 12 tion of excitation wavelength at 12 K. A similar dependence

K is sh din Fia. 2. Iti tstanding that. within th of the lifetime has also been observed in other
IS showed In 9. 2. 1t 1S outstanding that, Within the ex= 064122324 The nonexponential behavior of the decays
perimental resolution, only is observed emission comin

f . ted initially. This all i lude that f %bserved in the tails of the inhomogeneous band, according
rom ions excited iniafly. 1his allows to conclude that for , Savostyanoet al'?in phosphate glasses, could be due to
this concentration the transfer processes between differe

. - X . ; e existence of centers with the same energy but with dif-
sites are negligible. The same conclusion was obtained in th|;=,3 9y

analysis of the energy transfer processes betweéh Yo rent lifetime.
. . X J TRFLN spectra obtained in fluoroindate glasses with 0.75
nor) and Tn?* or Ho®" ions (acceptors in fluoroindate P 9

: . and 2.25 mol % of YB" are presented in Figs. 4 and 5,
glasses with low concentrations of ¥b!%?! In these ° P g

dooed les the lumi d ¢ thia Ybrespectively. These spectra have been obtained at 12 K with
codoped samples the luminescence decay curves of t increasing delays after laser pulse at 974.6 nm. It is notewor-
ions were well fitted to the Inokuti modét,which does not

ke | aration b d thy that for these concentrations the background fluorescence
@ e.lnto account migration between donars. - at long times becomes important, especially in the sample
Since the energy transfer processes are negligible for co

[ART + ; i
: L . ; 3 with 2.25 mol % of YB* and in the low-energy side.
centrations of 0.15 mol %, it is _pOSS|bIe to ob_taln the’Yb In order to analyze the dependence of the transfer rate on
lifetime for each site exciting with a narrow line and mea-

the energy mismatch, TRFLN spectra have been obtained
exciting at different positions in the inhomogeneous band.
5.0 e T The background fluorescence observed in these measure-

C - S=6 ] ments depends on the excitation wavelength. The ratio be-
. 7 §=8 ] tween the TRFLN spectrum obtained with a delay of 160
r .- §=10 ] and the inhomogeneous ba(feg. 1) is presented in Fig. 6.
@ 4.0F - This ratio can be also calculated from E#5) considering a
& ] probability W(E—E;) given by Eq.(11). The results are
z ] presented in Fig. 6 for different values 8f As it can be
Py ]
< r N
=30 - - TABLE I. Values obtained fofs and g at different temperatures
r ] in fluoroindate glass with 0.75 mol % of ¥b and laser excitation
] at 974.6 nm.
200l b b b T(K) S B(s™>%)
976 978 980 982 984
Wavelength (nm) 12 7.6 13.4
21 7.5 15.1
FIG. 6. Ratio between the TRFLN spectrum obtained with a30 7.4 16.6
delay of 100us in fluoroindate glass with 2.25 mol % of ¥band 40 7.6 18.3
the inhomogeneous barigig. 1). The lines correspond to the ratios 50 7.8 19.4

calculated from Eq(15) with different values forS.
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RN AL R IR LALLM LALLM AAAMRAL eter with laser excitation at 974.6 nm are presented in Fig. 7
as a function of delay time for different temperatures in flu-
20 . 3 oroindate glass with 0.75 mol % of ¥b. The fits to Eq(12)
. are also included in this figure.
. 18F 3 The values calculated f& and 8 from the fits presented
& in Fig. 7 are included in Table I. From these results a mean
' 16F E value of 7.6 is obtained foB. Moreover, in a sample with
@ " 2.25 mol % of YB* a value of 7.7 foiS has been obtained at
l4F . E 12 K with laser excitation at 974.6 nm. If the excitation is
carried out at 973.4 nm the values obtainedSat 12 K are
12E 3 7.5 and 8.8 in samples with 0.75 and 2.25 mol % of¥b
||||||r respectively. In conclusion, all the values obtainedSare
100 10 20 30 40 50 60 70 closed to 8, independent of the concentration, the tempera-

T(K) ture of the sample, or the excitation wavelength. This result
is in agreement with the value obtained above from the
FIG. 8. Temperature dependence®(l) in fluoroindate glass analysis of the background fluorescence evolution.
with 0.75 mol % of YB" with laser excitation at 974.6 nm. The The temperature dependencein the range from 12 to
solid line corresponds to the fit to E(L3). 50 K is presented in Fig. 8. A similar behavior was found for
the diffusion parameter analyzing the energy transfer pro-
cesses in fluoroindate glasses codoped with*yand Tn*
observed, a good fitting is obtained w8 indicating that  or Ho**.?! The fit to Eq. (13), consideringS=8, W(E
the transfer toward different sites has dipole-quadrupole- g ) given by Eq.(11) and the inhomogeneous line shape
character and is assisted by a phonon. p(E) given by the inhomogeneous emission presented in
This mixed character of the quasiresonant transfer begig. 1, is also included in Fig. 8. The agreement can be
tween YB" ions can result surprising but it can be under-considered reasonably good within the approximations in-
stood with the following considerations. An expression foryglved in the theoretical model. A value of 2.4
Wgr more general than Eq10) would include a sum over —54 ~1 (8) ; :
ter(')ms with different values 0ob. The dominant term in this lf:olrg thecfrirjtgiig for the transfer parametp, is obtained
sum depends on the values of the parameéjsand on the '
mean distance between ions. Therefore, it depends on the
dipole and quadrupole transition probabilities for an isolated VI. CONCLUSIONS
ion and on the concentration of ions. For long distances, the
dipole-dipole term is dominant but when the distance be- Theoretical expressions for the evolution of the narrow
tween ions is decreased, the other contributiong/gg can  band emission and the background fluorescence in TRFLN
be higher. experiments in glasses have been obtained. An asymmetric
The energy of the phonons involved in the transfer correand energy dependent transfer mechanism, based on a pho-
sponds to the difference of enerfjy- E, between donor and non assisted multipole interaction, was considered. Very
acceptor. From the inhomogeneous profile in Fig. 5, it isgood agreement with experimental results in®Yioped
concluded that this energy is lower than 80¢m fluoroindate glasses is found. The interaction betweefi" Yb
The ratioR(t), given by Eq.(2), has been calculated from ions would have dipole-quadrupole character in these
TRFLN measurements. The values obtained for this paranglasses.
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