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Blue cooperative luminescence in Yb 3¿-doped tellurite glasses excited
at 1.064 mm
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Blue luminescence emission around 480 nm through cooperative upconversion from pairs of Yb31

ions implanted into 60TeO2– 10GeO2– 10K2O–10Li2O–10Nb2O5 tellurite glasses and excited by a
cw laser at 1.064mm is demonstrated. Cooperative luminescence emission enhancement owing to
the temperature dependent multiphonon-assisted anti-Stokes excitation process of the ytterbium ions
is also observed. The experimental results revealed a fourfold enhancement in the cooperative
luminescence emission when the sample was heated in the temperature range of 20 °C–260 °C. The
thermally induced enhancement is assigned to the effective absorption cross-section for the
ytterbium ions which is an increasing function of the medium temperature. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1463397#
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I. INTRODUCTION

Intensive research has recently been dedicated to
conversion of near-infrared~NIR! radiation into visible light
exploiting frequency upconversion in rare-earth doped so
state materials for a wide range of applications includ
color displays, optical data storage, biomedical diagnost
sensors, and undersea optical communications. The
quency upconversion process1 is in general accomplished vi
sequential or multiphoton stepwise excitation, successiv
cooperative energy transfer between pairs or triads of r
earth ions in solids, and subsequent radiative depopulatio
the excited-state levels with the emission of photons w
energy higher than that of the excitation photons. In th
upconversion excitation mechanisms one can have the
ticipation of optical phonons in order to compensate for
ergy mismatches between the excitation photon and the
tinent energy levels of the activated rare-earth ion. Wh
there is neither an intermediate nor a final energy level to
populated one still can convert near-infrared radiation i
visible emission through the process referred to as coop
tive upconversion first observed by Nakazawa and Shion
in YbPO4,

2 and later reported by many, mostly in crystals.3–6

In the cooperative luminescence emission, two infrared
cited Yb31 ions undergo a simultaneous de-excitation p
cess producing the emission of a single visible wavelen
photon, as pictured in the diagram of Fig. 1. The coopera
emission process relies upon Coulomb interaction betw
ions and strongly depends upon the distance separa
them1–6 and its efficiency is determined by the nearest Yb31

ions. Bearing that in mind, cooperative luminescence fr
Yb31 pairs has been proposed as a probe of clusterin
Yb31-doped glasses,4,7–9 and its potential application in a
three-dimensional solid-state fluorescence display has
cently been proposed.10,11For technological applications an
basic research, the study of cooperative luminescenc
6770021-9606/2002/116(15)/6772/5/$19.00
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novel crystals and glasses doped with high concentration
ytterbium is very important in order to establish either lim
tations of applicability in devices like rare-earth doped op
cal amplifiers or to shed light onto unsolved research pr
lems involving the optimization of materials composition
the synthesis of novel glasses for fiber and/or wavegu
fabrication. In this work, we investigate blue cooperative u
conversion emission around 480 nm in TeO2-based glasses
doped with high various concentrations of Yb31 ions and
excited by cw radiation at 1.064mm and the effect of tem-
perature on the cooperative luminescence efficiency in th
glasses.

II. EXPERIMENT

The tellurium-oxide glass samples used in our measu
ments had a composition of 60TeO2– 10GeO2– 10K2O–
10Li2O– 10Nb2O5 doped with concentrations 1000 ppm/w
5000 ppm/wt, and 30 000 ppm/wt of ytterbium. Glasses w
prepared with high purity~99.9999%! rare-earth oxides and
all special care was taken in the lab during the glass pre
ration in order to avoid contamination due to other rare-ea
ions than ytterbium itself. The glass host material prese
very good optical quality, is stable against atmospheric mo
ture, it exhibits low optical attenuation from 400 nm to 5
mm, and due to the relatively high refractive index~>2.0!, it
is expected to produce significantly high radiative transit
rates from excited-states of rare-earth ions. The material
exhibits high solubility allowing the incorporation of hig
lanthanide concentrations apart from being nonhygrosco
and possess high thermal stability against crystallization.
samples thickness were;2.5 mm and the excitation sourc
was a continuous-wave Nd:YAG laser operated at 1.064mm
with the pump beam focused down onto the samples b
310 microscope objective. The detection system compri
a 0.34 m scanning spectrograph with operating resolution
2 © 2002 American Institute of Physics
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 This a
0.5 nm equipped with an S-20 uncooled photomultiplier tu
for visible wavelength detection and a 0.64 m spectrome
and a germanium photodetector for the infrared spectral
gion. A lock-in amplifier in conjunction with a storage-scop
coupled to a microcomputer was used for data acquisi
and storage.

III. RESULTS AND DISCUSSION

The blue cooperative luminescence emission around
nm was recorded at room temperature for all samples,
the result is presented in the typical power spectrum p
trayed in Fig. 2~a!. The spectrum has shown no structure a
the 480 nm signal presented a bandwidth of;17 nm. It is
important to point out that the blue emission around 480
was intense enough that could easily be seen by naked e
The blue emission signal generation was ascribed to the
multaneous de-excitation of a pair of Yb31 ions which forms
a dimeric system3 yielding the emission of the blue ligh
signal and also the near-infrared radiation correspondin
the 2F5/2→2F7/2 transition of Yb31 ions. The recorded near
infrared absorption and fluorescence signals are shown in
spectra depicted in Fig. 2~b!. The absorption spectrum exhib
its three peaks centered around 925, 955, and 975 nm, w
correspond to transitions from the lowest Stark level to
multiplet 2F7/2 into the various Stark levels of the2F5/2 ex-
cited multiplet. The near-infrared fluorescence spectrum p
sents four peaks centered around 975, 1002, 1018, and
nm which are ascribed to the transitions from the low
Stark level of the excited multiplet2F5/2 to the2F7/2 ground-
state multiplet. A theoretical cooperative emission spectr
can be obtained by the convolution of the recorded infra
spectrum of Fig. 2~b!. As can be seen, good agreement w
attained as indicated by the dotted line convolution spect
of Fig. 2~a!. We have also extended the latitude of our sp
tral observation@see Fig. 2~c!# and performed measuremen
well beyond the visible region~300–900 nm! seeking for the
presence of parasitic upconversion emission signals origi
ing from remnant amount of Er31 and/or Tm31 in the glass
samples. It is well known that Er31 produces green upcon

FIG. 1. Simplified energy-level diagram for the Yb31–Yb31 pair pumped at
1.064mm indicating the participation of phonons in the Yb31 absorption.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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version fluorescence emission in the region of 530–560
(2H11/2 and 4S3/2) and a red signal around 660 nm (4F9/2),
and Tm31 yields intense 480 nm blue (1G4 , 800 nm near-
infrared (3F4), and also weak 655 nm red (1G413F2,3) sig-
nals in glasses sensitized by Yb31 ions and excited at 1.064
mm. In both rare-earth codoped systems the upconver
excitation process of the activated ions is accomplish
by means of sequential energy-transfer from t
ytterbium-sensitizer.12,13 In Refs. 6–9, upconversion emis
sion originating from contamination levels of a few ppm/w

FIG. 2. Room-temperature cooperative blue emission and convolutio
the infrared emission~a!, NIR absorption and fluorescence emission~b!, and
violet-NIR luminescence emission~c! spectra for the Yb31-doped samples
under 1.0 W excitation power at 1.064mm launched onto it. The dotted line
in ~c! stands for the upconversion emission of a test low concentra
Tm/Yb-codoped sample.
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 This a
of Tm31 and/or Er31 in highly ytterbium-doped sample
were detectable. For Tm31 impurities, one would expec
strong upconversion emission around 800 nm. As can
seen from data of Fig. 2~c!, we have indeed recorded upco
version signals associated with the Er31 contaminant, but
found no evidence whatsoever of emission originated fr
Tm31 impurities. In order to stress that point we have p
formed the same experiment using a sample containing
pair Tm/Yb with very low concentration~a few ppm/wt!, and
the observation of the spectrum depicted in the dotted cu
of Fig. 2~c! allows one discarding Tm contamination as r
sponsible for the blue emission in the high pur
Yb31-doped samples. Besides, the power dependence fo
double-doped sample showed clearly a three-photon pro
for the 485 nm emission which was not the case for
cooperative luminescence signal, as will be shown later o
this paper.

The luminescence decay times of both the blue coop
tive signal and the2F5/2 manifold was investigated and th
results produced time constants of 440 and 900ms, respec-
tively, as illustrated in the scope traces of Fig. 3. The 900ms
luminescence decay time of the2F5/2 manifold, measured a
room temperature for the samples with 1000 and 5000 p
wt, can be considered as solely radiative owing to the re
tively low maximum phonon-energy of;850 cm21 associ-
ated with tellurite glasses in addition to the relatively lo
Yb31 concentration of the samples. The results also indica
that both signals decay times curves are fitted by sin
exponential decay functions, with very little deviation in th
tails. However, for the sample with 30 000 ppm/wt we ha
estimated a fluorescence decay time for the2F5/2 manifold
and found approximately 570ms. This value has been calcu
lated considering energy migration2 between Yb31– Yb31

pair which is an effect assigned to Yb31 clustering formed in
high concentration samples. The dependence of the coop
tive luminescence signal upon the excitation power was
amined and the results are presented in the log–log plo
Fig. 4. The results revealed that the slope of the curve is 1
which is approximately equal to the quadratic power l
behavior, expected for a mechanism involving the partici

FIG. 3. Oscilloscope traces of the decay times for the blue and NIR e
sion signals.
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186.217.234.225 On: Tue
e

-
he

e
-

he
ss

e
in

a-

/
-

d
-

ra-
x-
of
5

-

tion of two pump photons in the excitation of th
Yb31–Yb31 pair. The results presented in Fig. 4 have sho
no indication of saturation in the cooperative upconver
signal. The behavior of the blue signal with several pum
intensity levels and the measured upconversion emission
cay time and wavelength, corroborate the proposed upc
version emission mechanism herein reported and elsew
by many in crystals and glasses doped with trivale
ytterbium.2–11Moreover, in our measurements the blue em
sion intensity has shown a quadratic dependence upon
Yb31 concentration. The dependence of the blue emiss
upon excitation power and the relation between decay tim
of the near-infrared and cooperative blue emissions can
described by the rate equation for the energy levels of
Yb31 ions, which has the following form:

ṅe5fs~T!ng2
ne

te

2Xne
2, ~1!

whereng andne represent, respectively, the population de
sity of the ground-state and excited-state,te is the infrared
decay time,f is the excitation power flux, andX is the
cooperative luminescence rate parameter. In the rate e
tion, s(T) stands for the temperature dependent effect
absorption cross-section for the ytterbium, which takes i
account the multiphonon-assisted anti-Stokes excita
process.14 The near-infrared luminescence is proportional
the population of the excited-statene and the cooperative
upconversion process has a very low efficiency such t
one may assume that there is no depletion of the grou
state. Accordingly, for low concentration, the decay times
the luminescent signals can be expressed as

I NIR}ne}exp~2t/te!

and

I coop}ne
2}exp~22t/te!.

As can be inferred from data depicted in Fig. 3, the expe
mental results for the decay times agree very well w
theory with the blue luminescence signal decay time be

s-
FIG. 4. Log–log plot of the blue upconversion emission intensity as a fu
tion of the excitation power at 1.064mm at room temperature.
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half of the NIR emission signal. The dependence of the
operative upconversion process upon the sample temper
was inspected for the sample with a concentration of 30
ppm/wt and the results have shown a fourfold enhancem
in the blue emission when the sample was heated in
temperature range of 20–260 °C for a fixed launched pow
as illustrated in Fig. 5. The temperature-induced enhan
ment in Yb31-sensitized systems pumped off-resonance
already been described in detail for Er31- and Pr31-doped
glasses sensitized by Yb31 and pumped at 1.064mm,15–17

and it suffices to mention here that the excitation of the Yb31

from the 2F7/2 ground-state to the2F5/2 excited-state, re-
quires the participation of optical phonons in order to co
pensate for the energy mismatch of~;800 cm21! between
the incident excitation photon at 1.064mm ~9398 cm21! and
the energy connecting the2F7/2–

2F5/2 transition of the ytter-
bium ions which is;10 200 cm21. Therefore, the effective
pumping of the Yb31 ions excited-state relies upon the ph
non population in the host material. This mechanism is
counted for by introducing a temperature dependent effec
absorption cross-section for the Yb31, such that s(T)
5sY

0.F(T), wheresY
0 is the Yb31 absorption cross sectio

at resonance peaked around 975 nm~;10 200 cm21! and
F(T)5@exp(hnphonon/kBT)21#2p accounts for the phonon
population in the host material. The exponentp is associated
with the number of optical phonons involved in the Yb31

excitation process,hnphonon is the phonon energy,kB is the
Boltzmann constant, andT the absolute temperature. For th
TeO2-based glasses, we may assumep51 since the energy
mismatch between the pump photon and the ytterbium t
sition ~;800 cm21! corresponds approximately to the valu
of the cutoff phonon energy for tellurite glasses.

In order to obtain the theoretical fit~solid line! for the
experimental data depicted in Fig. 5 we have solved the
Eq. ~1! for steady-state regime and have obtained the follo
ing expression for cooperative emission intensity:

I coop5XNY
2te

2f2~s~T!!2, ~2!

whereNY(ng1ne5NY) is the ytterbium concentration. It i

FIG. 5. Blue upconversion emission intensity as a function of the sam
temperature at a fixed excitation power of 1.0 W. Symbols stand for exp
mental data and solid line is the theoretical fit.
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interesting to emphasize the quadratic dependence of
blue intensity on both the pump power and concentrati
The decay timete can be written as

te5
1

~1/tR!1WM P1WEM

, ~3!

wheretR is the radiative lifetime of the2F5/2 manifold,WM P

is multiphonon decay-rate, andWEM is the rate of energy
migration between Yb–Yb pair. In Eq.~3!, WM P can be ne-
glected, because of the relatively low maximum phonon
ergy associated with tellurite glasses as already mentio
above. With the assumption that the dipole–dipole inter
tion is the dominant effect, the energy migration-rate te
WEM is given by18

WEM5
3\4c4

4p4tR
S 1

RYY
D 6

QYE Fe~E!Fa~E!dE

E4
, ~4!

where RYY is the ytterbium–ytterbium distance,QY is the
integrated absorption cross section*s(T)dE, Fe(E), and
Fa(E) are the normalized shapes of the absorption and fl
rescence spectra as function of the photon energyE. Using
s(T), the measured absorption and fluorescence spe
@Fig. 2~b!#, (RYY)65N22 and combining Eqs.~3! and ~4!
into the rate Eq.~2!, we have obtained the theoretical fi
~solid line! for the experimental data depicted in Fig. 5. It
clear that the theoretical results, based upon the tempera
dependent effective absorption cross-section of the Y31

ions and taking into account the energy migration effe
agree very well with experimental data.

IV. CONCLUSIONS

In summary, we have demonstrated the generation
blue upconversion emission around 480 nm in Yb31-doped
tellurite glasses excited by cw radiation at 1.064mm. The
frequency upconversion mechanism responsible for the b
emission signal is ascribed to the cooperative luminesce
from pairs of ytterbium ions. A fourfold temperature-induce
enhancement in the cooperative luminescence process
also observed and was assigned to the temperature depe
effective absorption cross section of the ytterbium io
which relies upon the phonon population number in the h
matrix.
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