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Thermally enhanced frequency upconversion in Nd  3*-doped
fluoroindate glass
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Multiphonon assisted frequency upconversion was observed in®a-8lzbed 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 ofNaias used, describing quite well the experimental
results. ©2001 American Institute of Physic§DOI: 10.1063/1.1410326

I. INTRODUCTION cient incoherent light sources emitting from the infrared to
the ultraviolet(UV). For example, a study of UPC enhanced
rPy heating a fluoroindate glagglG) sample codoped with

3+ + ; ; :
interest. In the past, luminescence and frequency upconverl and P?* was reported in Ref. 13. In this case it was

sion (UPC) mediated by phonons have been analyzed b)yerified that by using Y& as a sensitizer, it is possible to
Auzel et al~% and Pelieand Auzel' They demonstrated that €nhance the UPC efficiency via a nonresonant excitation of

it is possible to induce luminescence in solids doped with REthe sensitizer in a process involving absorption of two
ions even when the difference between the excitation frephonons. Subsequent energy transfer £ Bccurs followed
quency and the electronic transition frequency is larger thaiby an excitation process in Pr, which involves one photon
the maximum phonon frequency of the host material. Thisabsorption and annihilation of two further phonons. Finally,
was observed both for transitions involving creation or anniyypconverted blue light is emitted by the excited*Pions.
hilation of phonons. Furthelr_r;wore, contrary to what was genThe UpC intensity was shown to increase by a 20-fold factor
erally thought, Auzeletal.”™* and Pelleand Auzef also o the sample’s temperature was varied from 293 to 533
showed that MP assisted processes should be described ¥ The choice of the sample was motivated by the large UPC

terms of an effective phonon mod&PM) (or “promoting . .
mode”), with a frequency smaller than the phonon cutoff gfﬂmency of RE doped FIG as previously reporiege for

frequency of the host material. Recently, it was demonstratelf'Stance Refs. 14-19In fact, Inky-based glasses have been
that besides scientific interest, studies of phonon assistei€ Subject of increasing interest due to their relatively large
processes are useful to photonic applications such as pha@nsparency window from 0.25 to @m, their ability to
conjugatior, lasers} avalanche UPC, laser cooling of incorporate large RE concentratiofu to 10 mol %, their
solids®® and temperature sensdfst! large stability, and resistance to moisture. Our previous in-

The choice of an appropriate material doped with a parvestigations of N&"-doped FIG at room temperature have
ticular RE ion is an essential step for each application. Foshown that this system is a good frequency upconverter from
instance, the use of fluoride glasses doped with RE iongisible to UVA"18 and from infrared to the UV Further-
[Yb®" (Ref. 8; Tm®* (Ref. 9] was important for obtaining more, besides the possible use ofKdioped FIG for opera-

laser cooling of solids in a process where one phonon igon of conventional laser®,optical amplification in the blue
annihilated for each absorbed photon. Another interesting €X3nd in the violet region was recently demonstrated

ample is that by increasing the temperature of a codoped In this article we show that UPC processes assisted by

Y3 —Er* silica fiber from 296 to 423 K, it was observed . . " . . "
. : MP absorption can be highly efficient if optical transitions
that a reduction of the fiber laser threshold by a factor of 4 . .
b@md thermal coupling between electronic levels are conve-

due to the annihilation of at least one phonon for each ab=" ) ) )
sorbed pump photon took plai?. niently exploited. Here our studies were mainly concentrated

The exploitation of MP assisted processes is promising” the investigation of a continuous wayew) MP assisted
to increase the UPC efficiency of a system and these studid$PC process from 866 to 750 nm. A 40-fold enhancement of
may lead to the operation of temperature serfSdtor effi-  the UPC emission intensity was observed when the tempera-
ture of the sample was varied from 298 to 498 K. This result
dAuthor to whom correspondence should be addressed; electronic mair:Gpresents the IarQESt therma”y induced enhancement ob-
cid@df.ufpe.br served in a UPC process assisted by MP absorption.

The study of multiphonor{MP) assisted processes in
rare-eartiRE) doped materials has been the subject of muc
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FIG. 1. Absorption spectrum of the Riddoped FIG(sample thickness: Wavelength (nm) Wavelength (nm)

1.45 mn). The band indicated witk¥) corresponds to a Gd transition. FIG. 2. Room temperature upconverted fluorescence spectrum of

Nd®*-doped FIG for cw excitation at 866 nm.

Il. EXPERIMENT

The fluoroindate glass studied here has the followin N .
composition in mol %/0' 38 INf-20 ZnF—-20 Srb—16 %hown in Fig. 2. All fluorescence bands are Stokes shifted
BaF,—2 GdR—2 NaF—1 CaE—l NdFR,. The glass synthesis with respect to the corresponding absorption bands mainly
was implemented using standard pro-analysis oxides anﬁue tq the multiplet spIitting.AnonIinear. depgndence of the
fluorides as starting materials. The procedure is a classicérptens'ty for the upconverted spectral lines is observed by

ammonium bifluoride process. However, gallium and indium”any'ng the laser power. They are mainly due to UPC pro-

oxides are sensitive to hydrolysis during their conversion tocessﬁﬁl'g‘;’f""”g energy t_ransfer among two and thre€ Nd
“*However, the line centered at 750 nm presents a

fluorides. The fluoride powders used to prepare the desire@"s:

compositions were then mixed together and heat treated ﬁrgpear dependence with the laser power and it was assigned
at 700 °C for melting and then 800 °C for refining. The melt2S @0 anti-Stokes fluorescence originating from I,

was finally poured between two preheated brass plates {bhis process ?s opservgd in Riddoped fluoroipdate glasses
allow the preparation of samples of different thickness.and its peculiar intensity dependence requires a more de-

Finning, casting, and annealing were carried out in a Wa)}alled analysis. Considering the present excitation condition

similar to standard fluoride glasses under a dry argon atm ye conclude that it originates through a process where one

sphere. aser photon is absorbed to levi#, followed by succes-

Optical linear absorption measurements in the rangéive absorption of phonons 6 7., via the thermally coupled

0.2—1.0um were made using a double-beam spectrophotom(gxcited staté’F,, as indicated in Fig. 3. This is possible

eter. The UPC measurements were made using a cw Ti:saBWIng to the small energy gap between these electronic lev-
phire laser operating at 866 nm. The laser beam was focus S | der t i th i fa MP ab "
into the sample with a 15 cm focal length lens and the up- n order to verify the assumption of a absorption

converted fluorescence was collected along a direction peprocess, we monitored the behavior of the integrated fluores-

pendicular to the incident beam. The emission spectrum wagenee emission at 750 nm as a function of the sample tem-

analyzed with a 0.25 m monochromator attached to a GaaRerature while the laser intensity was kept constant at 160
photomultiplier and the electrical signal was sent to a Iock-ian' The data obtained are presented in Fig. 4, which shows

amplifier. The glass sample was contained in an oven witf? s!gnal increase by a factor 6i4 yvhgn the temperature IS
temperature adjusted from room temperature to 500 K. varied from 298 to 498 K. The solid line in the figure repre-
sents theoretical results which are obtained considering the

subset of energy levels correspondind'itg, (level 0); *F,

(level 1); *Fsj, (level 2, *F,, (level 3, and ?Py,,%Dg)y
The linear absorption spectrum of the sample in the

range 200—1000 nm is shown in Fig. 1. The absorption

bands were identified by comparison with other’Ndoped

IIl. RESULTS AND DISCUSSION

glassy system& since the energy levels of RE trivalent ions (23419 cm™)
do not change significantly for different hosts. This is due to

the fact that electronic transitions within thé ghell are not gg’gggg
very sensitive to the crystalline field of the glass matrix. For (11,556 cm™)

all measurements the spectrophotometer bandwidth was
smaller than the observed linewidths of the absorption bands,
which are mainly due to inhomogeneous broadening of the
electronic transitions. . 3. Simplified energy levels scheme of Ndon representing the path-

FIG
_ The upconv_ert_ed fluorescence spectrum was observq)day to achieve UPC emission at 750 nm for pumping at 866 nm. The dotted
with several emission bands located from 350 to 750 nm, asrrows represent multiphonon assisted transitions.
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From Egs.(1)—(3) the steady-state population of the
4F ., level can be found and it is given by

1201

105+

g sof na(T)

g 7ol _ go®PA1(T)A(T)Ng

g sor Ya(DIA AT+ y1(T) + o1 (T)P]-[Azx(T) + y2(T) ]

8 as}

E (6)

g 30} . . . . . . .

> The signal intensity shown in Fig. 4 is proportional to
151 . .

n3(T). Thus, in order to compare E¢) with the data of
%% 20 360 400 440 480 520 Fig. 4 the following procedure was used. First, to obtain the
Temperature (K) temperature dependence f a reference temperaturd {

=300K) was chosen and/"?(T) was determined through
FIG. 4. Temperature dependence of the integrated UPC intensity for th ) ! (T) 9

emission centered at 750 nm. Pump power: 160 mW. The étdished line the following expression obtained from Ref. 1:
represents Eq5) with the parameters and with the effective phonon mode 1— eX[i _ ﬁw/kT) —q
of 310 cm! (maximum phonon energy of 507 ¢f. The error bars are NR 1y — \WNR
WiT(T) =W (To) :
1—exp(—w/kTy)

smaller than the squared points.

where q; represents the number of effective phonons in-

volved in the relaxation of levdlto the closest low energy
(level 4) and following the approach described below. A ratelevel. The other relaxation parameters in E6) were ob-
equation system written for the population densitigs(i ~ tained using the measured lifetimes of statéBs,
=1,2,3) assumes the form: (~186us), *Fs(~5us), and *F(~47us) at room
temperaturé® as well as their nonradiative emission rates,
WNR(T,), determined through the energy-gap faws 0.5,

)

dny/dt=oo®Pne—A1(T)n = y1(T)Ny— o1 (T)Pny,

@ 1x 10%, and 1.5< 10° Hz, respectively.
dny/dt=A1A(T)N;—Ass(T)N,— yo(T)Ny, 2) The comparison of Eq(6) to the experimental results
shown in Fig. 4 was made and the best agreement is ob-
dnz/dt=Ax(T)ny— y3(T)ng, (3)  served when EPMs are assumed to participate in all MP pro-

cesses, as proposed in Refs. 1-4. The parameters obtained
from the fitting wereq=1, g;,=0,3=3, andw=310cm ..

and o4(T) is the phonon assisted one-photon absorptio?so shown in Fig. 4 is a curvédashed ling obtained from

cross section between states 1 and 4, from which other tra =q. (6) for w_:507 e We recall that .‘h? energxlof the
sitions occur contributing to UPC emissions in the visiblemOSt energenc phonons in the l_:IG matr|>_<~|<§07 cm ., as
and UV. The absorption cross sections for excited state trand_etermmed §Ey Ra”.‘a” scattering and '”ffared. absorption
sitions from level$Fe(o,(T)) and*F-(s(T)) to higher exp_erlment : The m|smatch of the dashed line W|t_h the ex-
lying levels were not included in our model, since their reso_penmental points obviates that the most energetic phonons

nant parts, calculated with basis on the Judd—Ofelt theorgﬁ nr?tndcr)nmgate thrirl:/gptat?iorp\f\llon ?goffszei' :?n]:?ad T)ev;\ral
(JOT),2425 have values that are considerably less than th&0NO"N Modes contribule in-a way that 1S determined by the

resonant part ofr(T), which according to the JOT is equal phqntqn Q|st;|but|on fdeErILSI:;y of Statdf)Dng. a(\jnd fthf t(.je; |
to 00=1.5x 10" 2cn?. The MP excitation rates are given by >¢"'PHO" mh_emsko it represte?hs ah n to _s;_a IS IfC?h
Ajj(T)=CiP;;(T), whereC is a parameter proportional average,r\:v ¢ | a e;'ﬂ 0 accoun b e :r:tc enstes ot the
to the electron—phonon coupling strength &hdT) are the PDDS. The value okw=310cm * obtained from Eq.(6)_
honon occupancy numbers giver?by corresponds to the EPM frequency of the glassy matrix. A
P comparison of this result with the result of Ref. 2 for
Pij(T)=(exp(hw/kT)— 1) %i, (4)  ZBLAN glass (phonon cutoff frequency=580 cm %, EPM

frequency: 325 cm') indicates a similar energy dependence
whereg;; is the number of effective phonons with enevgy of ?he PgDS in bot% materials gy cep

involved in the MP excitation from levelto levelj, k is the
Boltzmann constant, antlis the absolute temperature of the
sample. The temperature-dependent absorption cross sectith CONCLUSIONS

is given by The present results, together with the previous ones re-
oy(T)= a?[exr(ﬁw/kT) ~1]°9, (5) porteq in_ Refs. 12 :_:md 13, provide a clear ir_1dication that thg
exploitation of multiphonon processes may increase the effi-
where the exponery accounts for the number of effective ciency of rare-earth doped systems for particular applica-
phonons participating in the absorption process. The populaions. While in the case of P¥/Yb®" codoped fluoroindate
tion relaxation rates are given byi(T)zyiradJrWiNR(T), glass® a 20-fold upconversion emission enhancement was
with (yi“"d)‘1 being the radiative decay timWiNR(T) is the  obtained through thermal effects, in the present work we
nonradiative relaxation rate from levietlue to MP relaxation demonstrated a 40-fold enhancement of cw upconverted light
processes. obtained when MP absorption due to thermally coupled elec-

where® is the photon fluxg is the absorption cross section
corresponding to transitiofil g/,—*F 3/, (5.0x 10~ 2°cn),
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