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Phonon-assisted cooperative energy transfer and frequency upconversion
in a Yo3*/Tb®* codoped fluoroindate glass
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We report large thermal enhancement of the frequency upconvef&l@ process due to
cooperative energy transféEET) in a Yb**/Tb®* codoped fluoroindate glass obtained by heating

the sample from 308 to 530 K. To study the influence of multiphonon transitions in the UC process
we chose anti-Stokes quasiresonant excitation of'Yibns which were used as sensitizers. UC of
radiation at 1064 nm into blue and green light was obtained. Various emission lines ofvEre
observed between 400 and 700 nm due to CET fromi*vtb Tb*" ions. A rate equation model was

used to describe the temperature dependence of the UC emission intensities and the theoretical
results are in good agreement with the experimental data20@8 American Institute of Physics.

[DOI: 10.1063/1.1577812

I. INTRODUCTION fluorescencé?~® This effect was recently exploited in dif-
ferent codoped systems such as 3YKEFRT,1® Yb3*/
Frequency upconversidtJC) of infrared-to-visible light PR+ 14 yp3+ T3+ 15 and YIB*+/Tm3" .16
in rare-eartf{RE) doped solids has_ b_een for_years the squect In the early stages of research on new UC processes
of many studies m_amly b_eca_use itis possible t‘? ex_pl0|F l‘Jcresonant excitation schemes was mainly considered; how-
for various photonic applicatiorisOne such application is, ever, nonresonant absorption can be advantageous in many

for example, the realization of UC lasérsperating at the ways. Extensive work on phonon-assisté) processes in
visible that are pumped by infrared diode lasers. Fluoride ys: P P

glasses have been investigated as a candidate for such d%I_E doped materials was reported in Refs. 17-20 where the

vices, because they combine good mechanical stability Witﬁuthors show that it is possible to observe UC fluorescence

superior chemical properties which allows large concentrall RE-doped solids even if the energy mismaich between the

tions of RE to be incorporated into the host matrix. Of par_electronic transition and the excitation photons is larger than
ticular importance is the fact that fluoride hosts have lowthe host cut-off phonon energy. Furthermore, it was shown
cut-off phonon energies compared with, for example, mosthat PA processes involve not only cut-off phonons, all pho-
oxide hosts. This characteristic enhances the UC emission Bjon modes participate in a way which is determined by the
the suppression of nonradiative channels. phonon density of states of the matrix. Accordingly, the con-

Among existing fluoride hosts, fluoroindate glassescept of “effective phonon modelEPM), which is roughly a
(FIG9)® are particularly interesting because of their stabilitykind of phonon energy weighted average, was introduced.
against moisture in the atmosphere, large transparency win- PA processes have proved to be useful in applications
dows that extend from 0.25 up to @m, and low cut-off  such as temperature sensdré?UC lasers’® laser cooling of
phonon energy 507 cm *).* Various UC processes that solids?*25 and phase-conjugated mirrdfs.It was also
involve different RE ions have been demonstrated and indishown that the laser threshold of a fiber laser could be re-
cate thatl(l):IG is a promising host material for UC basedjyced as well as its output power enhanced using a PA exci-
dewces’s:‘ _ _ _ tation schemé@’ The thermal enhancement of UC processes

_ I_SeS|des ghoosmg a g_o_od host materl_al for_ RE ions, th‘?n FIGs doped with YB*/PP* (Ref. 28 and N&* (Ref. 29
efﬁuency for !nfrared—tojwsmle and uItraont_aF light conver- |\ o recently exploited.
sion can be improved if one uses a sensitizer to increase | . .
n this work, we used a laser operating at 1064 nm to

near-infrared absorption. In this case, the ytterbium\jb nonresonantly excite YA ions in a FIG sample codoped

ion has been used because it contains only one eIectromc_tht bi TBY) | Ph isted t i
transition inside the f4subshell, which guarantees a large with terbium ( ) fons. Phonon-assisted transitions were

ground-state absorption cross sectibiihen, energy transfer exploited and many UC emission lines from:"'l*bons were
from excited YB* ions to other RE ion speci€®)C emit- observed due to energy transfer from3Ybions. Amongst
tery follows, resulting in improvement of the UC the many UC lines observed we decided to study the blue
emission at 417 nm and the green emission at 545 nm as a
. . N function of the sample temperature. Both UC emissions ex-
dpresent address: LS Nano Optik, Institit Rhysik, Humboldt Universita .
2u Berlin, Hausvogteiplatz 5-7, 10117 Berlin, Germany. perienced large enhancement when the temperature was var-

YCorresponding author; electronic mail: cid@df.ufpe.br ied from 308 to 530 K.
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FIG. 1. Absorption spectrum. The strong band~a®80 nm is associated
with Yb®* ions. Absorption bands of b are located between 350 and 550
nm but they are too weak to be observed with the presefit Eoncentra-
tion. Sample thickness: 2 mm.
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FIG. 2. Energy upconversion spectra of the3Ybrb®* codoped fluoroin-
date sample at 31@otted ling, at 370(dashed ling and at 530 K(solid

o line) under excitation with 1.3 W at 1064 nm. The peaks observed corre-
The present results demonstrate the possibility of therspong to T8* transitions, which are shown.

Yy

cooperative energy transfer processes that involve three and
four RE ions when the sample’s temperature is raised above,’F,), 621 nm fD,— 'F3), and 654 nm {D,— 'F,). De-
tails of two of the more intense emission lines in the blue and
green regions of the spectrum, e.g., at 417 and 545 nm, were
investigated. For both lines we have measured the depen-
dence of the fluorescence intensity as a function of the laser
intensity. As shown previously a quadratic(cubic) depen-
dence indicates that the greénlue) line is due to the ab-
sorption of a two(threg laser photons. These results, to-
ether with the fact that 9 does not absorb in the near
frared, led us to propose the excitation scheme depicted in

room temperature.

Il. EXPERIMENTAL DETAILS

The FIG sample studied has the following composition
in  mol%:37 Ink—20Znk—20 Srk—14.5Bak—2 NaF
—4 Gak—0.5TbR—2 YbF;. Details of the preparation
procedure are described in Ref. 3. The linear absorptio
spectrum was measured from 200 to 1200 nm using a doub

beam spectrophotometer. The UC measurements were qul—g 3. Accordingly

formed using a mode-locked Nd:YAG lasét MHz, 80 p$
emitting at 1064 nnfaverage power: 1.3 Was the excitation

30 cm focal length lens and its beam waist at the samplg,

position was estimated as70um. The temperature of the
sample was controlled using a hot plate and UC fluores
cence, collected in direction perpendicular to the excitatio

photomultiplier tube. The electronic signal was analyzed us

initially a pump photon at 1064 nm in-

duces PA excitation of Y& ions from multiplet?F, to

hol 0 . y o o usi excited multiplet?Fs,. Then, two excited Y&" ions eoop-
source. The laser beam was focused onto the sample LISIngla?atively transfer their energies to a neighboring Tion in

Transition®D ,—

e ground multiplet, exciting this ion to th®, multiplet.
'F5 generates fluorescence at 545 nm. This
rocess has been previously observed if'YBb®" -doped

rystal$?3 and in FIG samplés but the YB* ions were
beam, was sent to a 0.25 m monochromator attached to l%sonantly excited in those cases. Here

ing a lock-in amplifier connected to a personal computer for

signal processing. During the experiments the temperature

was kept below the onset of crystallization of the gfass.

Ill. RESULTS AND DISCUSSION

Figure 1 shows the absorption spectrum of the sample.

The band centered at 980 nm can be identified by transi-
tions that originate from the Y9 ground multiple?F,, to
the excited multipletFs/,. The large bandwidth observed is

characteristic of inhomogeneously broadened RE transitions

in glasses. Very weak bands due to*Thare located between
350 and 550 nm.

Figure 2 shows the UC emission in the range 400—700

nm for 310, 370, and 530 K under laser irradiation of 1.3 W
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at 1064 nm. Note that the signal intensities increased with
the temperature. The emission bands, assigned in previolS. 3. Energy level scheme of the two ¥bsensitizers and the ?b
activator ions that participate in the process of phonon-assisted cooperative
energy transfer and frequency UC. The dashed lines represent cooperative
energy transfer from Y& to TB** ions. The photonic energy mismatches
are compensated for by absorption or emission of phonons.

reportst>3%3 are associated to ?H transitions which are

centered at 417 nnPD3,°Gg— "Fs), 442nm fD;—'F,),
492nm fD,—Fg), 545nm fD,—F5), 585nm €D,
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phonons are involved to compensate for laser frequency de- 2 400
tuning to the2Fs, level. Besides this process the excited § (a)
Tb** ion can absorb one more laser photon at 1064 nm, €
being promoted fron?D, to °D,. The excess energy is o
transfer to the lattice through phonon excitation. The exis- é
tence of several energy levels betwe®y and €D;,°Gg) o
shown in Fig. 3 implies fast nonradiative decay to lower- ¢
lying levels, finally reaching levels’D3,°Gg), from which § 025}
the TB* ions can emit radiation at 417 nm. Another possible g

5.5 ;
way to populate theD3,°Gg) levels would be, instead of 2 0.00 BB 0 50

absorbing a laser photon, energy transfer from another ex-
cited YB** to the already excited P ion. This has been Temperature (K)
attributed as the main contribution in Ref. 30 for fluorophos-
phate glasses with concentrations of ¥b&rger than 16 %
mol. For the low YB* concentration used here we do not
expect a large contribution due to a third excited® Yhilo-
nor. In fact, this excitation path has an energy mismatch of
more than 1&cm™ ! which reduces the probability of its oc-
currence. Also recall that blue emission of very low intensity
was observed in previous work where resonant excitation at
976 nm with laser power of 40 mW was us€due to the
low laser intensity achieved the poor signal-to-noise ratio in
that experiment did not allow characterization of the process
of blue emission. The blue signal observed in the present
work is clearly seen although the same sample is used. ThusiG. 4. Temperature dependence of the integrated UC signéds4t7 and
we conclude that the presence of the strong laser beam coff) 545 nm(pump power: 1.3 W The solid lines represent the best fit for
tributes to enhancing the probability of laser excitation ofPoPulations in the steady state usi0g (the energy back-transfer ratas
34 - 5 5 the fitting parameter.
Tb®* ions at°D, to levels above (D3, °Gg) levels.
To corroborate the proposed scheme of PA absorption
and cooperative energy transfer, we measured the depen-
dence of the integrated fluorescent emissions at 417 and 545 —djj
nm as a function of the temperature. The results presented in Uij(T)=0ij[EXF{ 1 ] : (8)
Fig. 4 show 76-fold enhancement of the blue emission and
20-fold enhancement of the green emission when the tenwhereg; is the absorption cross section between levalsd
perature of the sample was raised from 308 to 530 K. The¢ at room temperature. Based on the absorption data shown in
solid lines represent theoretical results obtained using a tenfig. 1 and on Judd-Ofelt thedf*® we found thato,
perature dependent rate equation model, which takes int&so,3~0.2 pnf. The EPM energy,hv phonon, N FIGS is
account the energy levels relevant for the generation of th&10 cm 1,29 and gij is the number of EPMs participating in
UC emissions described by the process dye=3,0,3=1). Parameter<; and C, are,
respectively, the cooperative energy transfer and back-
1) transfer rates. The total decay rate from levé given by
Yi(T) =2 A;+ Wy (T) = ¥4+ W(T), whereA;; is the ra-

N
n

(b)

N
o
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=)

o
o
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Ng=—Ry(T)Ng+ ¥eNe,

Ne=Ry(T)Ng— yeNe— C1nn; +Conin,, (2)  diative decay rate. The temperature dependent nonradiative
n,= —C1n§n1+ ys(T)Ns, 3) decay rate is given by

h2: - y2n2+ Clngnl_C2n§n2_ Rz(T)nz, (4) Wnr(T):Wnr(T ) 1_exq_hvphonon/kBT) P (9)

; I Pl exp(—hv phonor/kBTO) ,
N3=Ra(T)nz— y3(T)nz, ®)

Ny=72(T)Na— yaNy, 6 wherep represents the number of EPMs involved in the re-
o 7a(T)Ns™ YaNe © laxation of leveli to the closest lower-lying energy level and
N5= ¥2N2+ ¥aNs— vs5(T)Ns, (1) T, is room temperature. For this particular case we have

=1. The radiative decay rates were estimated using Judd—
where the energy levels are labelgd®F-,) and e (*Fs,) Ofelt theory andW" (T,) was calculated using the energy-
for Yb®" ions and 1 (Fg), 2 °Dy), 3 (°D,), 4 °D35Gg),  gap law®
and 5 (Fz) for Tb®" ions. The pumping rates are given by The data shown in Fig. 4 were fitted using the steady
Ri(T)=04e(T)® and Ry(T)=o0,5(T)®, where ® is the state solution of Eq$1)—(7) for the population of state¥D ,
photon flux(given by the ratio of the laser intensity and the and ¢D3,°Gg) as a function of the temperature. Considering
excitation photon energyand o;;(T) denotes the tempera- thatC,=1650Hz as determined in Ref. 15 we are left with
ture dependent absorption cross section between lewsld  only one fitting parameter, i.eG,. It was found that the best
j» given by fit occurs forC,=850Hz as illustrated in Fig. 4. Hence, the
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