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Energy transfer assisted frequency upconversion in Ho 3¿ doped
fluoroindate glass

N. Rakov, G. S. Maciel, and Cid B. de Araújoa)
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Experimental results are reported which show a strong evidence of energy transfer between Ho31

ions in a fluoroindate glass excited by a pulsed laser operating at 640 nm. We identified the origin
of the blue and green upconverted fluorescence observed as being due to a Ho31 – Ho31 pair
interaction process. The dynamics of the fluorescence revealed the pathways involved in the energy
transfer assisted upconversion process. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1430889#
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I. INTRODUCTION

The luminescence of rare earth~RE! ions in different
host materials has been extensively studied. Although th
are a large number of reports on this subject,1–3 in recent
years a renewed interest in the investigation of freque
upconversion~UPC! processes in RE doped materials, mo
vated by the possibility of using the UPC phenomenon
develop efficient sensors, quantum counters, and lasers o
ating in the blue–green spectral region, has been observ

One of the most studied RE ions has been holmi
(Ho31). The optical properties of Ho31 in crystalline and
amorphous environments have been studied, aimed a
operation of UPC lasers to be used in, for example, odon
logical treatment.4 Blue–green UPC luminescence owing
4 f – 4f transitions of Ho31 has been observed upon visib
and infrared excitation with efficiencies that are highly d
pendent on the host matrix5–8 demonstrating the importanc
of studying UPC processes in different materials.

Among the materials being investigated to date,
doped fluoroindate glasses~FIGs! emerged as efficien
upconverters.9–15 These glasses present phonons of low
ergy ~<507 cm21! that inhibits nonradiative relaxation chan
nels in favor of radiative channels~luminescence!. Besides,
FIGs present great resistance to atmospheric moisture
good mechanical stability. It is also possible to incorpor
large concentrations of RE ions inside the matrix~up to 10
mol %! and as a consequence different energy tran
mechanisms have been observed in FIGs doped
praseodymium,9 erbium,10–12 neodymium,13 codoped with
ytterbium and praseodymium,14 and codoped with ytterbium
and holmium.15

In this article we investigate possible UPC pathways
Ho31 doped FIG using nanosecond excitation at 640 n
Green and blue anti-Stokes emissions, owing to energy tr
fer mechanisms, were observed whose time evolution oc
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in different time scales. The analysis of the results allowed
to identify the energy transfer pathways that contribute to
UPC emissions.

II. EXPERIMENT

The samples used have the following compositio
in mol %: 38InF3– 20ZnF2– 20SrF2– (16-x)BaF2– 2NaF–
4GaF3–xHoF3, wherex50.5, 1.0 and 2.0. The glass synth
sis was made using standard proanalysis oxides and fluo
as starting materials. The fluoride powders used to prep
the desired compositions were mixed together and h
treated first at 700 °C for melting and then 800 °C for refi
ing. The melt was finally poured between two prehea
brass plates to allow the preparation of samples of differ
thicknesses. Fining, casting, and annealing were carried
in a way similar to standard fluoride glasses under a
argon atmosphere. Nonhygroscopic samples are obta
with very good optical quality.

The UPC measurements were performed using a dye
ser pumped by the second harmonic of aQ-switched
Nd:YAG laser ~532 nm, 15 ns, 5 Hz!. The dye laser beam
was focused on the sample using a focal length lens of
cm. The fluorescence signal, dispersed by a 0.25 m s
trometer, was detected by a GaAs photomultiplier tube a
sent to a digital oscilloscope. The average of many succ
sive scans was recorded in a computer. All measurem
were performed at room temperature.

III. RESULTS AND DISCUSSION

The linear absorption spectrum of Ho31 doped FIG
~with x52! is shown in Fig. 1. No changes were observed
the line shape or in the peak positions associated with
various transitions for different Ho31 concentrations.

The method of spectral-band intensity analysis16 was
used to estimate the Judd–Ofelt parameters of our sam
and the values found wereV251.37310220 cm2, V4

52.35310220 cm2, andV652.22310220 cm2.
il:
2 © 2002 American Institute of Physics
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The forced electric dipole transition probability~radia-
tive emission rate! between statesaJ andbJ8 was calculated
using the equation17,18

A~a,J;bJ8!5
64p4n3e2

3hc3~2J11!

n~n212!2

9

3 (
t52,4,6

V tu^aJiU ~ t !ibJ8&u2, ~1!

wheren is the index of refraction of the material,v is the
photon frequency,J is the total angular momentum,e is the
electronic charge,h is the Planck’s constant, andc is the
speed of light in vacuum. The term inside the squared mo
lus is the reduced matrix element.19 From the values ob-
tained, it is possible to calculate the radiative lifetimet r of
an excited statei which is given by

1

~t r ! i
5(

j
A~ i , j !. ~2!

We also used the ‘‘energy gap law’’20 to estimate the nonra
diative emission rateAnr in our samples. The values ofA, t r ,
and Anr for the levels involved in the energy transfer pr
cesses studied here are given in Table I.

The observed UPC spectrum of Ho31 doped FIG is
shown in Fig. 2 for excitation at 640 nm, in resonance w
the transition5I 8→5F5 . Figure 2~a! shows two bands cen
tered at;550 and;490 nm corresponding to transition
5S2→5I 8 and5F3→5I 8 , respectively, while Fig. 2~b! shows

FIG. 1. Linear absorption spectrum of the Ho31 doped fluoroindate glass
~sample withx52; thickness: 1.5 mm!.

TABLE I. Spontaneous emission probabilities of the main Ho31 excited
states of interest in fluoroindate glass.

Energy level Ar ~s21! t r ~ms! Anr ~s21!

5F5 2.153103 0.5 33104

5S2 2.543103 0.4 13103

5F3 5.473103 0.2 23105

5G4 , 3K7 4.673103 0.2 63105

5G5 5.503103 0.2 63105
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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bands centered at;395 and;425 nm corresponding to tran
sitions (3K7 ,5G4)→5I 8 and5G5→5I 8 , respectively. The in-
tensity of the bands shown in Fig. 2~b! are 2 orders of mag-
nitude weaker than those shown in Fig. 2~a!.

The dynamics of the UPC luminescence at;550 nm
~green! and;490 nm~blue! are illustrated in Figs. 3~a! and
3~b!, respectively. Note that the temporal evolution of t
green luminescence signals present a rise time between
and 4.2ms, and a decay time that changes more than 5
~116–48ms! for the range of Ho31 concentrations investi-
gated here. The blue luminescence presents a rise time th
shorter compared with the green signal, and it show
double-exponential decay. The longer decay time compon
of the blue emission~22–18ms! is also dependent on th
Ho31 concentration. The results are summarized in Table
The dependence of the UPC signal as a function of pu
intensity and Ho31 concentration were also investigated.
quadratic dependence was observed in both experiment
dicating that two laser photons are absorbed to originate e
UPC photon and a pair of Ho31 ions are involved in the
process that leads to UPC emission.

The signals observed in the region from;380 to;440
nm are very weak and it was not possible to analyze th
temporal behavior. It is important to note that these em
sions have not been observed in other glass hosts6 probably
because their intensities were too small in those systems

FIG. 2. Fluorescence upconversion emission~sample withx52!: ~a! blue–
green region and~b! violet–blue region.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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In general, two mechanisms may lead to UPC emiss
excited state absorption~ESA! and energy transfer~ET!. The
efficiency of an ESA process is determined mainly by a re
nance condition of the excitation laser with an excited st
transition. The ET process, on the other hand, may arise f

FIG. 3. Temporal behavior of the upconverted fluorescence of Ho31 doped
FIG under pulsed excitation at 640 nm.~a! 5S2→5I 8 green fluorescence fo
two concentrations.~Inset! Dependence of the green fluorescence inten
as a function of the sample concentration.~b! Time evolution of5F3→5I 8

blue fluorescence.~Inset! Dependence of the blue fluorescence intensity a
function of the sample concentration.

TABLE II. Dynamics of the upconversion luminescence of Ho31 doped
fluoroindate glasses. The excitation pulse is a nanosecond laser emitt
640 nm. Estimated data error: 5%.

@Ho31# ~mol %! 0.5 1 2

Rise time@548 nm 3.6ms 4.2ms 3.2ms
Decay time@548 nm 116ms 78ms 48ms

Rise time@490 nm 0.4ms 0.4ms 0.4ms
Decay time~1!@490 nm 3ms 3 ms 3 ms
Decay time~2!@490 nm 22ms 20ms 18ms
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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both electric multipole and exchange interactions amo
neighboring ions, and its strength is strongly dependent
the ion–ion separation.21

Figure 4 shows the energy level diagram of Ho31 and
the main pathways responsible for the upconversion p
cesses. Considering our pumping scheme and the energy
els of Ho31 ions, different processes could be considered
understand the generation of the UPC emissions obser
~i! ESA via sequential two-photon absorption through5I 8

→5F5 followed by 5F5→3F4 transition. However, in the
present case, this process is not important because the
frequency is off resonance with transition5F5→3F4 by
;1200 cm21. ~ii ! Another way to populate high lying energ
levels could be via resonant ESA through transition5I 4

→5G3 . Nevertheless, this channel is irrelevant for nanos
ond excitation because the relaxation from level5F5 to level
5I 4 is slow compared with the laser pulse duration~the life-
time of level5F5 is ;47 ms!.22 ~iii ! Another possibility is ET
due to the interaction between two ions at level5F5 which is
directly excited by laser photons at 640 nm. The lifetime
level 5F5 is large enough to allow significant ET betwee
excited ions and two possible channels may populate le
5F3 via ET.6 One channel is anindirect ET assisted UPC
~ETAU! via 5F515F5→5I 71(3K7 ,5G4) with subsequent
population decay to level5F3 via multiphonon emission
from levels5G4 and 3K7 . The other channel is related to
direct ETAU via 5F515F5→5I 515F3 . Process~iii ! is the
most probable to occur in the present case, as evidence
the inset of Fig. 3, which shows a square dependence of
UPC signal with Ho31 concentration, indicating that pai
interaction is the relevant process.

Using a rate equations approach to describe process~iii !,
it is possible to estimate the ET rates from level5F5 to level
5F3 considering the following equations:

dNd /dt522g1Nd2~W121W13!Nd , ~3!

dn2 /dt52g2n21g32n31W12Nd , ~4!

dn3 /dt52g3n31W13Nd . ~5!

y

a

FIG. 4. Ho31 energy levels relevant to the frequency upconversion p
cesses studied and the possible excitation pathways including c
relaxation processes involved.
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Here, Nd represents the population density belonging to
pair of excited ions at level5F5 @the factor of 2 in Eq.~3!
arises because an excited pair is annihilated as soon as o
the ions de-excites#, (g1)21 is the lifetime of level5F5 , and
n2 andn3 stand for the population densities of level5F3 and
level (3K7 ,5G4), respectively. The parameters (g2)21 and
(g3)21 are the lifetimes of level5F3 and level (3K7 ,5G4),
respectively.g32 is the multistep nonradiative decay ra
from level (3K7 ,5G4) to level 5F3 , andWi j ( i , j 51,2,3) are
cross-relaxation rates. The dynamics of the population
level 5F3 is found by solving the system of Eqs.~3!–~5! and
the solution is given by

n2~ t !5Ae2~2g11W121W13!t2Be2g3t1Ce2g2t. ~6!

The fluorescence intensity at;490 nm is proportional to
n2(t) and comparing Eq.~6! with the data shown in Table I
we associateg2 to the short decay time component, that
independent of Ho31 concentration, and therefore it is re
lated to level5F3 lifetime ~estimated;5 ms from Table I!.
The value of (g3)21 is dominated by (g32)

21;0.6ms,
while the lifetime of 5F5 is (g1)21;47ms.22 Therefore
(g3)21 is associated with the rise time of the blue lumine
cence while (2g11W121W13)

21 is associated with the
longer decay time. The cross-relaxation rates found for
samples are shown in Table III. The fact that the measu
rise time ~0.4 ms! was shorter than the estimated multist
multiphonon emission rates from level (3K7 ,5G4) may ac-
count for the fact that the signal centered at;490 nm has a
contribution from excited pairs decaying coherently~simul-
taneously! to lower-lying energy levels on a faster time sca
than those pairs decaying incoherently.

To understand the behavior of the emission at;550 nm,
we assume that the population at level5S2 is loaded via level
5F3 because the rise time of the green fluorescence has
same order of magnitude as the lifetime of5F3 , that is domi-
nated by the nonradiative relaxation5F3→5S2(2
3105 s21). We note that the green fluorescence decay t
is dependent on the Ho31 concentration as indicated in Tab
II. The cross-relaxation channel that depopulates le
5S2(5S215I 8→5I 415I 7) is efficient only after the cross
relaxation processes that lead to the blue luminescence t
place~see Fig. 4!.6 Again, the rate equations approach is us
to estimate the cross-relaxation rates from level5S2 through
the following equations:

dn18/dt52g18n18 , ~7!

dn28/dt5g18n182~g281WR!n28 . ~8!

Here, 1 corresponds to level5F3 of the excited ion of the pair
and 2 is associated with level5S2 . The parameterg18(g28) is
the decay rate of level5F3(5S2) and WR is the cross-

TABLE III. Values of the energy transfer rates responsible for the blue
green upconversion.

@Ho31# ~mol %! 0.5 1 2

W121W13 (s21) 33103 73103 133103

WR (s21) 63103 103103 183103
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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relaxation rate. The ground state population was assume
be nondepleted and thus the solution of the rate equat
system yielded a simple equation that governs the dynam
of the population at level5S2 :

n28~ t !5Ae2g18t2Be2~g281WR!t. ~9!

In Eq. ~9!, (g18)
21 is the lifetime of level 5F3 and (g28

1WR)21 corresponds to the quenched lifetime of level5S2 .
As the values ofg18 andg28 are known, it is straightforward
to find WR from the data of Tables I and II and the valu
found for WR are shown in Table III.

IV. CONCLUSIONS

In conclusion, we observed that ET is the mechani
responsible for the red-to-blue-and-green frequency upc
version in Ho31 doped FIG glass under nanosecond la
excitation. Two ET assisted upconversion channels~ETAU!
between Ho31 ions were identified: one is theindirect ETAU
5F515F5→5I 71(5G4 ,3K7) followed by multiphonon relax-
ation (3K7 ,5G4)→5F3 and the other channel is thedirect
ETAU 5F515F5→5I 515F3 . The results were described u
ing rate equations for the level populations, which inclu
the important contributions of cross relaxations. From
experimental data the values of the ET parameters res
sible for blue and green fluorescence were obtained.
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Araújo, and Y. Messaddeq, J. Appl. Phys.87, 4274~2000!.

15R. Martı́n, V. D. Rodrı́guez, V. Lavı´n, and U. R. Rodrı´guez-Mendoza, J.
Alloys Compd.275, 345 ~1998!.

d

ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

5 Feb 2014 15:56:31



W

d
l

1276 J. Appl. Phys., Vol. 91, No. 3, 1 February 2002 Rakov et al.

 [This a
16S. A. Payne, J. A. Caird, L. L. Chase, L. K. Smith, N. D. Nielsen, and
F. Krupke, J. Opt. Soc. Am. B8, 726 ~1991!.

17B. R. Judd, Phys. Rev.127, 750 ~1962!.
18G. S. Ofelt, J. Chem. Phys.37, 511 ~1962!.
19W. T. Carnall, H. Crosswhite, and H. M. Crosswhite, Report, 1977.
20K. Tanimura, M. D. Shinn, and W. Sibley, Phys. Rev. B30, 2429~1984!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

200.145.3.45 On: Wed, 0
. 21D. L. Dexter, J. Chem. Phys.21, 836 ~1953!.
22The Stokes-shifted emission at 653 nm~transition 5F5→5I 8! was used

to evaluate the lifetime of level5F5 using the less concentrate
sample (x50.5) with low excitation power at 640 nm. The signa
decay was fitted with a single-exponential curve yielding;47 ms of decay
time.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

5 Feb 2014 15:56:31


