
Thermally enhanced frequency upconversion in Nd 3+ -doped fluoroindate glass
L. de S. Menezes, G. S. Maciel, Cid B. de Araújo, and Y. Messaddeq 
 
Citation: Journal of Applied Physics 90, 4498 (2001); doi: 10.1063/1.1410326 
View online: http://dx.doi.org/10.1063/1.1410326 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/90/9?ver=pdfcov 
Published by the AIP Publishing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

200.145.3.45 On: Wed, 05 Feb 2014 15:56:01

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1479233748/x01/AIP-PT/JAP_Article_DL_0214/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=L.+de+S.+Menezes&option1=author
http://scitation.aip.org/search?value1=G.+S.+Maciel&option1=author
http://scitation.aip.org/search?value1=Cid+B.+de+Ara�jo&option1=author
http://scitation.aip.org/search?value1=Y.+Messaddeq&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1410326
http://scitation.aip.org/content/aip/journal/jap/90/9?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov


JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 9 1 NOVEMBER 2001

 [This a
Thermally enhanced frequency upconversion in Nd 3¿-doped
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Multiphonon assisted frequency upconversion was observed in a Nd31-doped fluoroindate glass
pumped at 866 nm. A near-infrared upconverted emission at 750 nm with a peculiar linear
dependence with the laser intensity was observed and explained. The intensity of the upconverted
emission experienced a 40-fold enhancement when the sample’s temperature was varied from 298
to 498 K. A rate equation model that includes light pumping and multiphonon absorption via
thermally coupled electronic excited states of Nd31 was used, describing quite well the experimental
results. © 2001 American Institute of Physics.@DOI: 10.1063/1.1410326#
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I. INTRODUCTION

The study of multiphonon~MP! assisted processes
rare-earth~RE! doped materials has been the subject of mu
interest. In the past, luminescence and frequency upcon
sion ~UPC! mediated by phonons have been analyzed
Auzel et al.1–3 and Pelle´ and Auzel.4 They demonstrated tha
it is possible to induce luminescence in solids doped with
ions even when the difference between the excitation
quency and the electronic transition frequency is larger t
the maximum phonon frequency of the host material. T
was observed both for transitions involving creation or an
hilation of phonons. Furthermore, contrary to what was g
erally thought, Auzelet al.1–3 and Pelle´ and Auzel4 also
showed that MP assisted processes should be describ
terms of an effective phonon mode~EPM! ~or ‘‘promoting
mode’’!, with a frequency smaller than the phonon cut
frequency of the host material. Recently, it was demonstra
that besides scientific interest, studies of phonon assi
processes are useful to photonic applications such as p
conjugation,5 lasers,6 avalanche UPC,7 laser cooling of
solids,8,9 and temperature sensors.10,11

The choice of an appropriate material doped with a p
ticular RE ion is an essential step for each application.
instance, the use of fluoride glasses doped with RE i
@Yb31 ~Ref. 8!; Tm31 ~Ref. 9!# was important for obtaining
laser cooling of solids in a process where one phonon
annihilated for each absorbed photon. Another interesting
ample is that by increasing the temperature of a codo
Yb31–Er31 silica fiber from 296 to 423 K, it was observe
that a reduction of the fiber laser threshold by a factor o
due to the annihilation of at least one phonon for each
sorbed pump photon took place.12

The exploitation of MP assisted processes is promis
to increase the UPC efficiency of a system and these stu
may lead to the operation of temperature sensors10,11 or effi-
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cient incoherent light sources emitting from the infrared
the ultraviolet~UV!. For example, a study of UPC enhanc
by heating a fluoroindate glass~FIG! sample codoped with
Yb31 and Pr31 was reported in Ref. 13. In this case it wa
verified that by using Yb31 as a sensitizer, it is possible t
enhance the UPC efficiency via a nonresonant excitation
the sensitizer in a process involving absorption of tw
phonons. Subsequent energy transfer to Pr31 occurs followed
by an excitation process in Pr31, which involves one photon
absorption and annihilation of two further phonons. Fina
upconverted blue light is emitted by the excited Pr31 ions.
The UPC intensity was shown to increase by a 20-fold fac
when the sample’s temperature was varied from 293 to
K. The choice of the sample was motivated by the large U
efficiency of RE doped FIG as previously reported~see for
instance Refs. 14–19!. In fact, InF3-based glasses have bee
the subject of increasing interest due to their relatively la
transparency window from 0.25 to 8mm, their ability to
incorporate large RE concentrations~up to 10 mol %!, their
large stability, and resistance to moisture. Our previous
vestigations of Nd31-doped FIG at room temperature hav
shown that this system is a good frequency upconverter f
visible to UV17,18 and from infrared to the UV.19 Further-
more, besides the possible use of Nd31-doped FIG for opera-
tion of conventional lasers,20 optical amplification in the blue
and in the violet region was recently demonstrated.21

In this article we show that UPC processes assisted
MP absorption can be highly efficient if optical transition
and thermal coupling between electronic levels are con
niently exploited. Here our studies were mainly concentra
in the investigation of a continuous wave~cw! MP assisted
UPC process from 866 to 750 nm. A 40-fold enhancemen
the UPC emission intensity was observed when the temp
ture of the sample was varied from 298 to 498 K. This res
represents the largest thermally induced enhancement
served in a UPC process assisted by MP absorption.
il:
8 © 2001 American Institute of Physics

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

5 Feb 2014 15:56:01



in

s
a
ic
m
t

ir
fi
el
s
ss
a

m

ng
om
sa
s

up
pe
w
aA
-i
i

th
io

s
t

o
w
nd
th

rv
, a

ted
inly
he
by

ro-
d
s a
ned

s
de-
ion
one

e
lev-

n
res-
em-
160
ows
s
e-
the

of

-
tted

4499J. Appl. Phys., Vol. 90, No. 9, 1 November 2001 Menezes, Maciel, and de Araujo

 [This a
II. EXPERIMENT

The fluoroindate glass studied here has the follow
composition in mol %: 38 InF3–20 ZnF2–20 SrF2–16
BaF2–2 GdF3–2 NaF–1 GaF3–1 NdF3. The glass synthesi
was implemented using standard pro-analysis oxides
fluorides as starting materials. The procedure is a class
ammonium bifluoride process. However, gallium and indiu
oxides are sensitive to hydrolysis during their conversion
fluorides. The fluoride powders used to prepare the des
compositions were then mixed together and heat treated
at 700 °C for melting and then 800 °C for refining. The m
was finally poured between two preheated brass plate
allow the preparation of samples of different thickne
Finning, casting, and annealing were carried out in a w
similar to standard fluoride glasses under a dry argon at
sphere.

Optical linear absorption measurements in the ra
0.2–1.0mm were made using a double-beam spectrophot
eter. The UPC measurements were made using a cw Ti:
phire laser operating at 866 nm. The laser beam was focu
into the sample with a 15 cm focal length lens and the
converted fluorescence was collected along a direction
pendicular to the incident beam. The emission spectrum
analyzed with a 0.25 m monochromator attached to a G
photomultiplier and the electrical signal was sent to a lock
amplifier. The glass sample was contained in an oven w
temperature adjusted from room temperature to 500 K.

III. RESULTS AND DISCUSSION

The linear absorption spectrum of the sample in
range 200–1000 nm is shown in Fig. 1. The absorpt
bands were identified by comparison with other Nd31 doped
glassy systems,22 since the energy levels of RE trivalent ion
do not change significantly for different hosts. This is due
the fact that electronic transitions within the 4f shell are not
very sensitive to the crystalline field of the glass matrix. F
all measurements the spectrophotometer bandwidth
smaller than the observed linewidths of the absorption ba
which are mainly due to inhomogeneous broadening of
electronic transitions.

The upconverted fluorescence spectrum was obse
with several emission bands located from 350 to 750 nm

FIG. 1. Absorption spectrum of the Nd31-doped FIG~sample thickness:
1.45 mm!. The band indicated with~* ! corresponds to a Gd31 transition.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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shown in Fig. 2. All fluorescence bands are Stokes shif
with respect to the corresponding absorption bands ma
due to the multiplet splitting. A nonlinear dependence of t
intensity for the upconverted spectral lines is observed
varying the laser power. They are mainly due to UPC p
cesses involving energy transfer among two and three N31

ions.17–19,23However, the line centered at 750 nm present
linear dependence with the laser power and it was assig
as an anti-Stokes fluorescence originating from level4F7/2.
This process is observed in Nd31-doped fluoroindate glasse
and its peculiar intensity dependence requires a more
tailed analysis. Considering the present excitation condit
we conclude that it originates through a process where
laser photon is absorbed to level4F3/2 followed by succes-
sive absorption of phonons to4F7/2 via the thermally coupled
excited state4F5/2, as indicated in Fig. 3. This is possibl
owing to the small energy gap between these electronic
els.

In order to verify the assumption of a MP absorptio
process, we monitored the behavior of the integrated fluo
cence emission at 750 nm as a function of the sample t
perature while the laser intensity was kept constant at
mW. The data obtained are presented in Fig. 4, which sh
a signal increase by a factor of;44 when the temperature i
varied from 298 to 498 K. The solid line in the figure repr
sents theoretical results which are obtained considering
subset of energy levels corresponding to4I 9/2 ~level 0!; 4F3/2

~level 1!; 4F5/2 ~level 2!, 4F7/2 ~level 3!, and 2P1/2,2D5/2

FIG. 2. Room temperature upconverted fluorescence spectrum
Nd31-doped FIG for cw excitation at 866 nm.

FIG. 3. Simplified energy levels scheme of Nd31 ion representing the path
way to achieve UPC emission at 750 nm for pumping at 866 nm. The do
arrows represent multiphonon assisted transitions.
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~level 4! and following the approach described below. A ra
equation system written for the population densitiesni ( i
51,2,3) assumes the form:

dn1 /dt5s0Fn02L12~T!n12g1~T!n12s1~T!Fn1 ,
~1!

dn2 /dt5L12~T!n12L23~T!n22g2~T!n2 , ~2!

dn3 /dt5L23~T!n22g3~T!n3 , ~3!

whereF is the photon flux,s0 is the absorption cross sectio
corresponding to transition4I 9/2→4F3/2 (5.0310220cm2),
and s1(T) is the phonon assisted one-photon absorpt
cross section between states 1 and 4, from which other t
sitions occur contributing to UPC emissions in the visib
and UV. The absorption cross sections for excited state t
sitions from levels4F5/2(s2(T)) and4F7/2(s3(T)) to higher
lying levels were not included in our model, since their res
nant parts, calculated with basis on the Judd–Ofelt the
~JOT!,24,25 have values that are considerably less than
resonant part ofs1(T), which according to the JOT is equa
to s1

051.5310222cm2. The MP excitation rates are given b
L i j (T)5Ci j

epPi j (T), whereCi j
ep is a parameter proportiona

to the electron–phonon coupling strength andPi j (T) are the
phonon occupancy numbers given by26

Pi j ~T!5~exp~\v/kT!21!2qi j , ~4!

whereqi j is the number of effective phonons with energy\v
involved in the MP excitation from leveli to level j, k is the
Boltzmann constant, andT is the absolute temperature of th
sample. The temperature-dependent absorption cross se
is given by13

s1~T!5s1
0@exp~\v/kT!21#2q, ~5!

where the exponentq accounts for the number of effectiv
phonons participating in the absorption process. The pop
tion relaxation rates are given byg i(T)5g i

rad1Wi
NR(T),

with (g i
rad)21 being the radiative decay time.Wi

NR(T) is the
nonradiative relaxation rate from leveli due to MP relaxation
processes.

FIG. 4. Temperature dependence of the integrated UPC intensity for
emission centered at 750 nm. Pump power: 160 mW. The solid~dashed! line
represents Eq.~5! with the parameters and with the effective phonon mo
of 310 cm21 ~maximum phonon energy of 507 cm21!. The error bars are
smaller than the squared points.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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From Eqs. ~1!–~3! the steady-state population of th
4F7/2 level can be found and it is given by

n3~T!

5
s0FL12~T!L23~T!n0

g3~T!@L12~T!1g1~T!1s1~T!F#•@L23~T!1g2~T!#
.

~6!

The signal intensity shown in Fig. 4 is proportional
n3(T). Thus, in order to compare Eq.~6! with the data of
Fig. 4 the following procedure was used. First, to obtain
temperature dependence ofn3 a reference temperature (T0

5300 K) was chosen andWi
NR(T) was determined through

the following expression obtained from Ref. 1:

Wi
NR~T!5Wi

NR~T0!F 12exp~2\v/kT!

12exp~2\v/kT0!G
2qi

, ~7!

where qi represents the number of effective phonons
volved in the relaxation of leveli to the closest low energy
level. The other relaxation parameters in Eq.~6! were ob-
tained using the measured lifetimes of states4F3/2

(;186ms), 4F5/2(;5 ms), and 4F7/2(;47ms) at room
temperature,23 as well as their nonradiative emission rate
Wi

NR(T0), determined through the energy-gap law27 as 0.5,
13108, and 1.53108 Hz, respectively.

The comparison of Eq.~6! to the experimental result
shown in Fig. 4 was made and the best agreement is
served when EPMs are assumed to participate in all MP p
cesses, as proposed in Refs. 1–4. The parameters obt
from the fitting wereq51, q125q2353, andv5310 cm21.
Also shown in Fig. 4 is a curve~dashed line! obtained from
Eq. ~6! for v5507 cm21. We recall that the energy of th
most energetic phonons in the FIG matrix is;507 cm21, as
determined by Raman scattering and infrared absorp
experiments.28 The mismatch of the dashed line with the e
perimental points obviates that the most energetic phon
do not dominate the MP absorption processes. In fact, sev
phonon modes contribute in a way that is determined by
phonon distribution density of states~PDDS! and the de-
scription in terms of EPM represents a kind of statistic
average, which takes into account the characteristics of
PDDS. The value ofv5310 cm21 obtained from Eq.~6!
corresponds to the EPM frequency of the glassy matrix
comparison of this result with the result of Ref. 2 fo
ZBLAN glass ~phonon cutoff frequency:;580 cm21, EPM
frequency: 325 cm21! indicates a similar energy dependen
of the PDDS in both materials.

IV. CONCLUSIONS

The present results, together with the previous ones
ported in Refs. 12 and 13, provide a clear indication that
exploitation of multiphonon processes may increase the e
ciency of rare-earth doped systems for particular appli
tions. While in the case of Pr31/Yb31 codoped fluoroindate
glass13 a 20-fold upconversion emission enhancement w
obtained through thermal effects, in the present work
demonstrated a 40-fold enhancement of cw upconverted l
obtained when MP absorption due to thermally coupled e

he
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tronic levels was exploited in an appropriate excitati
scheme. Here, the resonant absorption of phonons am
electronic energy levels is responsible for the large enha
ment observed. As it was already demonstrated for
Er31/Yb31 system,12 further application of these ideas ma
improve the performance of rare-earth doped upconver
lasers reducing their pumping threshold and increasing t
output intensity. Of course in all cases one must work
temperatures far below the onset of crystallization of
glass.29
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