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Cooperative processes and upconversion in g@daYCls codoped with O™ and Er3*
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Halide lattices singly doped with &sor EF" are both known to show visible upconversion luminescence
upon excitation around 10000 ¢th In this study, we analyze the cooperative processes iN&Clg
codoped with O%" and EF" by measuring luminescence intensities and lifetimes. The excitation energy is
found to be transferred from thes('T,,)/T 3(*E,) states of OY to *I,3, and *I 15, of EF**. These initial
steps are followed by upconversion processes leading®o £3,,, upconversion emission. The upconversion
efficiency upon excitation intd?5(1ng)/F3(1Eg) of O¢** critically depends on the EFf concentration, and
among the CqNaYClg:x%ErP", 0.1% 04" (x=2, 10, and 10psamples it is highest fot=10. The overall
upconversion efficiency is limited by backtransfer processes from thie i, and *S;), states to 0% and
by the low 04" concentration. An upconversion-excitation mode fot 'Eat the energy of thél 3,,—*Sg,
excited-state absorption is observed for the title compound.
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[. INTRODUCTION visible spectral range, and therefore back-transfer of the up-
converted population to the transition-metal sensitizer is very
Upconversion, i.e., photoexcitation at a long wavelengthlikely. This is the reason why the field of transition-metal ion
followed by luminescence at a shorter wavelength, is comsensitization of upconversion systems is still largely unex-
mon in compounds containing rare-earth idrSeveral up-  plored.
conversion mechanisms are well established finsystems. The situation looks more favorable ford4and =
Common to all of them is a long-lived intermediate state thatransition-metal ions, that are known to experience very
acts to store the excitation energy. From this intermediatstrong ligand fields. Their broad spin-allowded transitions
state, the excitation can be upconverted either radiatively bgre consequently found at high energies, and, apart from
excited-state absorptiofESA) or nonradiatively by energy spectrally narrow spin-flip transitions that can be used as
transfer with a neighboring excited ion. A limiting factor in pumping levels, the visible spectral range is empty. Indeed,
the upconversion efficiency of rare-earth ion systems is th¢he only examples of transition-metal ion sensitization of
small cross section of thé-f absorptions. Sensitization is rare-earth ion upconversion described in the literature take
therefore a common procedure to improve the efficiency ofidvantage of these favorable properties. They reported on
upconverting materials. Re'" and Mo'* sensitizing Tm* upconversiorf®
The most frequently used sensitizer is 3B Its Unfortunately, the absorption intensities of spin-flip tran-
f13electron configuration leads to only ofief excited mul-  sitions are significantly lower than those of spin-alloveed
tiplet located slightly above 10000 ¢rh Yb®" is thus ide- transitions, and their energies depend only weakly on the
ally suited to act as a sensitizer forPy? Ho®*",® EF*,*and  environment via the covalency dependence of the interelec-
Tm®".% Above 11 000 cm?, Yb®" is transparent, and conse- tronic repulsion. With respect to absorption intensities and
guently does not interfere with the upconversion luminesthe chemical tuning potential, the spin-flip excited states of
cence of the activator. The disadvantages of'Yiegarding  transition-metal ions thus occupy an intermediate position
its sensitization potential relate to the properties arising fronbetween thef-f transitions of rare-earth ions and the broad
the f-f character of the Yb 2F;,—%Fs, transition: The spin-allowedd-d transitions of transition-metal ions.
absorption is weak, spectrally narrow, and can barely be In the following, we describe the cooperative processes
chemically tuned. between the 8 transition-metal ion 0% and the rare-earth
Absorption intensities of spin-allowed transitions of 3 ion EP¥* codoped into the cubic elpasolite host,RaYCls.
transition-metal ion compounds are larger than those ob¥he relevant energy levels of the two ions are shown in Fig.
served inf-f transitions, and, due to the stronger dependencé. The * electron configuration of d$ is known to give
of the energetic positions af-d excited states on the ligand rise to several metastable excited states, and upconversion
field, transition-metal ions offer a larger chemical tuning po-in  O¢**-doped cubic halide lattices was recently
tential compared to lanthanides. The poorly shieldetlec-  demonstrated=™* The I's(*T,4)/T3(*Eg) spin-flip excited
trons promise a strong interaction of &ansition-metal sen-  states of O%™ around 11 000 cmt serve as pumping levels
sitizers with potential activators. From this point of viewd 3 for the laser excitation. With the exception of
transition-metal ions appear to be ideal sensitizers for rareF 1(1Alg), Og"*-doped chloride lattices are transparent be-
earth ion upconversion. However, these advantageous propween 12 000 and 20 000 ¢rh Thus O4* meets the condi-
erties are intrinsically coupled with one major drawback:tions for sensitizing Ef, which is known to show green
The broad spin-allowedd-d absorption bands of @  *Sy, upconversion luminescence in many systems after ex-
transition-metal ions usually cover a considerable part of theitation into *I ;,, around 10 000 ci. By measuring lumi-
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FIG. 2. 15-K absorption spectra of $&YCls: EF* (a) and
oL “lisn r, Cs,NaYClg: O (b) in the NIR and VIS(visible) spectral ranges.

CT labels the onset of the first charge-transfer band.
FIG. 1. Energy-level schemes of ¥rand 04" doped into
CsNaYCle. argon-ion laser(Spectra Physics 2060-10 $Apumped
Ti:sapphire lase(Spectra Physics 3900.SNVavelength con-
nescence intensities and lifetimes in crystals doped with varitrol was achieved by an inchworm drivéBurleigh PZ 501
ous concentrations of &§ and EF*, we elucidate the birefringent filter. The laser beam was focusda=60 mm)
upconversion mechanisms and investigate the energyn the crystal. The sample luminescence was dispersed by a

transfer efficiencies. 0.85-m double monochromatdSpex 1402 or a 0.75-m
single monochromatdiSpex 1702, and detected by a cooled

Il. EXPERIMENT photomultiplier tubelHamamatsu 3310-0;lusing a photon-

counting system(Stanford Research 4p®r by a liquid-

A. Synthesis and crystal growth nitrogen-cooled germanium photodio®DC 403 L), using

Cs,0sCk was prepared from Osd99.9% by reduction lock-in amplifier(Stanford Research 8B0For the lifetime
with HCI (37%), followed by precipitation with CsC The ~ determination off';(*Ay,), a dye laseLambda Physik FL
orange product was dried under vacuum. y@hd Ercy 3002, Rhodamine 6G in methapgbumped with the fre-
were prepared from the corresponding oxides99.99% guency doubled output of a Nd:YAGttrium aluminum gar-
following the ammonium-halide roufé:* Using stoichio- neY laser(Quanta Ray DCR 3, 20 Havas used as the ex-

metric amounts of CsCl, NaCl, YIErCl, and CsOsCk citation source. The Iluminescence was dispersed and
crystals of CsNaYCly:x% EP*,y% O¢* (x=0, 2, 10, and detected as described above and recorded with a multichan-

100; y=0 and 0.1 were grown in silica ampoules by the nel scaler(SR 430. The lifetime of *S;, was determined

Bridgman technique. The resulting crystals were cut with Zter pulsed excitation with the anti-Stokes Raman-shifted
diamond saw, and the surfaces polished. The actudf Os Output of the dye (Iﬁase(rPyrldlnell in methangl The [umi-
concentration in the crystal was determined with inductively€SCence decays 0fyy, andl's("Taq)/I's("Eg) were deter-

coupled plasma mass spectrometry and found to be 0.19kined after excitation with rectangular pulses generated by
even though a nominal concentration of 2% was used. ThBaSSINg the Ti:sapphire laser beam through an acousto-optic

effective EF* concentration was assumed to be identical toodulator(Coherent 305 connected to a synthesized func-
the nominal E¥ concentration. All handling of the starting 10N generatofStanford Research DS 345

material and the resulting crystals was carried out under ni- -uminescence spectra are corrected for the sensitivity of
trogen. the detection systems, and displayed as photon counts versus

energy. The data were analyzed using I§&fave Metrics.

B. Spectroscopic measurements
. ) Ill. RESULTS
The samples were either enclosed in a copper cell or

sealed in silica ampoules, filled with 400-mbar helium for  All spectra presented in the following were measured at

heat dissipation. Cooling was achieved with a closed-cycld5 K. Figures 2a) and 2b) show the 15-K absorption spec-

cryostat(Air Products for absorption measurements, or with tra of CsNaYCls:10% EP* and CsNaYCls:0.1% O$§”,

the helium-gas flow technique for luminescence experimentgespectively. The assignment of the sharp multiplets in the
Absorption spectra were recorded on a Cary(\Garian). Cs,NaYCls:10% EP* spectrum is straightforward from a

Upconversion-luminescence spectra were obtained using aromparison with the literature. The three groups of lines
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FIG. 3. 15-K upconversion-luminescence spectra of nergy [em ]
CeNaYCl:10% EF', 0.1% O$™ and CsNaYCl:10% EF* ex- FIG. 4. 15K upconversion-excitation spectra  of
cited at 10 959 and 10 492 ¢rh respectively. The BF transitions CsNaYClgx% ErP*, 0.1% O4* (x=2, 10, and 100) detecting the
. i 4 2 " ! * 1 1
are labeled with the emitting levelSFo,, “Syp, and *Hep, 45,41, transition at 18 154 cif. Various excitation regions
whereas the initial and final levels are given for the'Osansi- 4o assigned.

tions.

centered around 5000, 11000, and 17000 krin the —Ts('Ta)/T5('Ey) excitation of O8*. This broad band is
CsNaYCls:0.1% O4" spectrum are assigned to only barely visible in the GNaYCls:2% EP*, 0.1% O§*
Ts5/T5(°T1g), Ts(*Tog)/Ta(*Ey), and I'y(*Ay), respec- and CsNaErCk:0.1% O$* spectra. Only the sharp lines
tively. The strong increase in absorption above 23 000'cm below 10500 cm* can be observed in the analogous exci-
is to the first CI —Os** charge-transfer band. tation spectrum of GhaYCls:10% EF*.

Figure 3 compares the upconversion-luminescence spec- Figure 5 shows the 15-|r1(1Alg)—>F1(3Tlg) lumines-
tra of CsNaYCls:10% EF' and CsNaYCls:10% EF',0.1%  cence transition in GBlaYCls:0.1% O$* excited at 10 959
O¢* excited at 10492 and 10959 ¢t respectively. The and 11285 crii, respectively. The fine structures observed
multiplets in the CsNaYCls:10% EP" spectrum centered for the two excitations are different. In Fig. 6 the 15-K ex-
around 15000, 18000, and 24 000 chare assigned to the citation spectra of th&';(*A;4)—T'1(°Tyg) luminescence in
transitions from*Fg,, Sy, and?Hgy,, respectively, to the CsNaYCls:0.1% 04" detected at 16 870 and 16 896 cin
ground state*l ;5,. The *Fg, and *S;, multiplets also ap- respectively, are compared with the 15-K absorption spec-
pear in the CfNaYCls:10% EP',0.1% O$4" crystal, trum of the same compound. The excitation spectrum of the
whereas theéHg,, multiplet is only barely visible. ThéS;,
luminescence intensity depends quadratically on the power
of the 10 959-cr* excitation. The additional bands centered
around 17000 and 14000 cthare assigned to the &s
transitionsI'y (*A;g) = T'1(°T1g) and T'y(*A1g) —T4(3Tyg),
respectively.

Figure 4 shows the 15-K upconversion excitation spectra
of CsNaYCl:2% EP', 0.1% 04", CsNaYCls:10%
Er*, 0.1% 04", and CsNaErCk:0.1% O$", detecting
the #S;, luminescence at 18 154 ¢th The spectra are com-
posed of three characteristic regions. Below 10 500 camd
above 11700 cm', two multiplets of sharp lines are ob-
served. The spectrum below 10 500 cheoincides with the
Er** absorption in Fig. @), and is consequently assigned to
4 15— 11/» excitations. No equivalent of the multiplet ob-
served above 11 700 crhis found in the absorption spectra
of Figs. 4a) and 2b). It is assigned to thél ;3,,—*S;, ESA
on EP*. The broad and slightly structured band observed
between 10 700 and 11 900 chin the excitation spectrum
of CsNaYCls:10% EP*,0.1% O$" coincides with the ab-
sorption band of GNaYCl;:0.1% 04" depicted in Fig. tb) FIG. 5. 15-K upconversion-luminescence spectra of
and is consequently assigned to thd“1(3Tlg) CsNaYCls:0.1% 04" excited at 11 285 and 10 959 cth

exc. 11285

Photon counts

exc. 10959 cm

LI L B B L L B T T

alha
16600 16800 17000 17200
Energy [cm ']
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TABLE |. Ratios of the 15-K*l13,—%l15p t0 *1117—%1 15
photon fluxes detected at 6462 and 9803 &nrespectively, in
CsNaYClg crystals doped with Ef and 04", as indicated in the
left column. The ratios were determined for the excitations into
122 and T'5(*T0) /T 5(*Ey) at 10492 and 10 959 cm, respec-

excitation
det. 16896 cm’’

tively.

E excitation exc. 10492 cm®  exc. 10959 cm*

Q -1

det. 16870

g et 16870 em 2% ER* 28

£ 2% EPT, 0.1% 04" 100 14 200
10% EP', 0.1% 04" 110 1100
100% EF*, 0.1% O4" 1670 2860

absorption

13— 15210 41 11,— 4 15, photon fluxes detected at 6462
L L S A ey e and 9803 cm?, respectively, are collected in Table | for the
10500 11oeo 11500 12000 10492- and 10959-cit excitation energies. These ratios
Energy [cm '] are strongly dependent on the®Erconcentration, and con-

X : . N

FIG. 6. 15K upconversion-excitation spectra  of siderably larger in the crystals codoped wittF Eand 04§

Cs,NaYClg:0.1% 04", detecting the luminescence at 16 870 andthan in the samples singly doped with®Er
16896 cm® in comparison to the absorption of the same com- The 15-K excitation spectra of thél;s,—*l5, and
pound in this spectral region. #112—*15 luminescence bands of @4aYCls:10%
Ert,0.1% 04" detected at 6462 and 9803 chn respec-
16 870-cm* luminescence coincides in line positions andtively, are shown in Fig. 8. The series of sharp lines observed
relative intensities with the absorption spectrum, whereas theelow 10500 cm* is assigned td*l 15/, 111/,. The broad
16896-cm* excitation spectrum shows a different fine band above 10500 cm is assigned toI';(3Ty)
structure. —T5(*To)/T'3(*Eg). The relative intensity of the broad
Figure 7 shows the 15-K infrared luminescence spectrunband is higher by one order of magnitude in the excitation
of CsNaYClg:10% EP*, 0.1% O$§* excited at 10959 spectrum monitoring thél ;3,—*l 15/, transition.
cm L. The spectrum is dominated by the lines around 6500 The 15-K Sy, “l15, T3(*Ayg), and T's(1T,g)/
cm ' assigned to the Bt transition *113,—150. The  T4(*E,) lifetimes of CsNaYCls, doped with various con-
spectral region between 6600 and 10500 &nshown in the  centrations of Ef and 04", were determined from single
inset to Fig. 7 is enlarged by a factor of 125. It consistsexponential luminescence decays. They are collected in
of the 04+ F5(1ng)/F3(lEg)Hrl(sTlg) and
Ds(*To0)/T3(*Eg)—T4(°Tyy)  transitions, and  the

ERT 4,142—% 15 transition, centered around 10300, “Uin T, (T, /T, (B
7500, and 10000 cit, respectively. The ratios of the ' 1 '
detection 4113,2
= = 2
S — o
7 T 2
e ~ (]
“ _[—'N __[—(:‘ S
=] ~— —r =
g = = 2
o [a¥
g .
E Liap
[=™
T T T T T T detection 4I11 ”
7000 8000 9000 10000
6000 7000 8000 9000 10000 10400 10800 11200 11600
Energy [cm_l] Energy [cm'l]
FIG. 7. 15-K NIR Iluminescence of @¥aYCls:10% EP*, FIG. 8. 15-K excitation spectra of @¥aYCls:10% EPY,

0.1% 04" excited at 10959 cit. The inset shows a 125 times 0.1% O$" monitoring the*l ;1,71 15, and *l 1371 15/ transi-
enlarged view of the 6600—10 500-cfhregion. The E¥' transi-  tions at 9803 and 6462 cm, respectively. The
tions are labeled with the emitting levets;;, and #1153, whereas — Os* T's(*T,)/T'3(*Eg) and EPF* *lyy, excitation regions are
the initial and final levels are given for the Ostransitions. assigned.
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TABLE 1l. 15-K luminescence decay times obtained from magves the inversion symmetry around*©sThis is why, in
single-exponential fits to the experimentally observed transientscontrast to the analogous transitions inO€lg: od* 2 an
. . . + - 1
.Thtehlef(t: Cﬁlu;n(; gr:vef the doping concentrations ot'Eand OS electronic-origin intensity is observed in the absorption and
e Lemartle nost luminescence transitions. The fact that a considerable part of

T1(*As)  Ts(To)/T3(*Ey)  *Syp N1 the in_tens_ity sti_ll Iies_in vibronic _origins, which acquire an
electric dipole intensity by coupling of ungerade modes to

0.1% 08"  16.5us 199us the electronic transitions, indicates only a slight deviation
2% EP* 11.2ms 83.6 ms from the octahedral symmetry.
10% EF* 11.0ms 45 ms Some very weak and relatively broad bands are observed
0.1% 08"  2.8us 97 us 75ms 56ms  around 14500, 16 000, and 21 000 chin Fig. 2b). These
2% EP* bands do not belong to the octahedral*Oshromophore.
0.1% 08" 3.6us 120us 7.2ms 12ms  Whereas the broad 14500-chband might be due to a
10% EF* baseline uncertainty, the other two bands are certainly real.
01% 08" 0.2us <1ps 119us 1.2ms  They cannot unambiguously be assigned, and we suggest

.
100% EF two tentative explanations based on the hypothetical occur-

rence of an O¥ species or O% dimers in our sample:
Cs,NaYCls might conceivably stabilize an Os€I' species.
The absorption of Os€T in chloride melts and aqueous HCI
solutions has been publish&f® These publications were
mainly concerned with the intense CT absorption bands oc-
IV. DISCUSSION curring above 25000 cnit, and can thus not help assigning
the weak features observed around 16 000 and 21 003 cm
in Fig. 2(b). However, these weak bands could be dud-t

The optical spectroscopy of &sdoped into cubic halide bands of OsGP~ occurring below 25000 cit. Although
lattices is well knowr?116-21Common hosts are @8eR;,  we cannot exclude this possibility, we prefer to assign the
Cs,ZrClg, and CsZrBrg, in which O¢* replaces the octahe- 16 000- and 21 000-ciit bands observed in the g¢aYClg:
drally coordinated tetravalent ions. shas a B electron  0.1% O$" absorption spectrum to pair excitations.
configuration, giving rise to a”T1g ground state in octahe- Bands in the 15000- and 22 000-Chregions were ob-
dral symmetry; see Fig. 1. This ground state is split ii{o  served in the absorption spectra of the,Qg?~ chro-

I'y, I's, and ', with a total spread of 5000 cm in  mophore, consisting of two edge-sharing QZCI units?®
CsZrClg: Os*. The ligand field experienced by thed5 They were assigned as dimer excitations. Also, in concen-
electrons is so high that the interconfigurationally excitedtrated OsGJ>~ compounds such as,RsCl or Cs0sCk,
states arising from the strong-fielt,{)3(ey)* electron con-  bands were observed beld(*A,,), and assigned to pair
figuration are not found within the visible spectral range. Thetransitions*”?® Assigning the 16 000-citt band in the ab-
lowest energy excitations in G&Clg: Os** are the spin flips  sorption spectrum of Fig. 2 to a pair transition implies that
within the (tzg)4 electron configuration around 11000 and some of the OY ions aggregate as clusters in,NaYClg.
17000 cm*, assigned td's(*To)/T's(*Eg) andT1(*Ay),  These clusters might be favored in the,KaYCls host by
respectively’’ Above 23000 cm! CI-—O¢*" charge- the need for charge compensation, leading t6*Qsusters
transfer(CT) bands are observéd. with a CsOsC}; structure.

CsNaYClg (Ref. 22 and CsOsCk (Ref. 23 both crys- Below 150 K, CsZrCls: Os*" shows luminescence origi-
tallize in the cubicFm3m space group with unit-cell con- nating fromF5(1T2g)/F3(1Eg) and Fl(lAlg)_ In Cs,ZrClg:
stantsa=10.73 and 10.21 A, respectively. The two struc-0.1% O4*, 15-K lifetimes of 483 and 2s, respectively,
tures are thus closely related, and th& ¥and O4" sites in  were found! We recently reported that G&ClgO¢*
the two structures are both octahedrally coordinated by Cl shows rl(lAlg) upconversion luminescence after
Removing N4 ions located on the middle of the edges of I's(*T,,)/T'5(*E,) excitation'* Figure 5 shows that
the cubic unit cell transforms the @¢aYClg elpasolite struc-  CsNaYCl;:0.1% O£€* also exhibitsI'y(*A;g) —T'1(°Tyg)
ture into the CgOsCl antifluorite structure. Due to the upconversion luminescence. The fine structures of the two
charge difference between the‘Oslopant ion and the ¥ spectra excited at 11285 and 10 959 ¢nrespectively, are
lattice site, only a limited concentration of ©scan be slightly different. We ascribe this difference to the presence
doped into CgNaYClg. Our crystals only contain 0.1% of at least two O%" sites with slightly different environ-
O¢**, even though a nominal concentration of 2% was usednents. The two upconversion-excitation spectra in Fig. 6,
in the synthesis. The fact that the absorption spectrum in Fignonitoring theFl(lAlg)—>F1(3Tlg) transition at 16 896 and
2(b) is similar to the CsZrClg: O$* spectrum! proves that 16870 cm?, respectively, also show different fine struc-
most of the Os is incorporated as‘Os tures. The excitation spectrum measured at the 16 870-cm

The 04" ions are assumed to substitute fof"Yon O, detection energy is very similar to the absorption spectrum of
sites in CgNaYCls. To compensate for the charge differ- Cs,;NaYClg: 0.1% O$", and is thus attributed to the main
ence, most probably one of the six nearest Nasitions is  site. This spectrum peaks at 10 959 ¢mBy 10 959-cm*
vacant. This vacancy in the second coordination sphere rexcitation this main site can thus selectively be excited.

Table Il. The lifetimes of the codoped samples are shorte.
than those of the singly doped crystals.

A. Os** in Cs,NaYClg
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The 15-K luminescence-decay times of the maifi'Gsite Erl+ Os**
in Cs;NaYClg are 7=199 and 16us for I's(1T,)/T3(*Eg)

. I'; (IE,
and Fl(lAlg), respectively; see Table Il. They are thus 111 » a Y i FiElTi)
shorter than the corresponding 483 and29in CsZrClg:

0.1% O$" at the same temperature. b‘ )
Ti3n o ¢
B. Er®* in Cs,NaYClg PO ll:s
In contrast tod-d transitions of transition-metal ions, the c . - v i, CTi)
energies off -f excited states in lanthanides are almost inde- : “b 4
pendent of the chemical environment. Their energetic posi- 4 s , T

tions are mainly determined by spin-orbit coupling and Cou-
lomb repulsion. The splitting of the individual multiplets  F1G. 9. Nonradiative energy-transfer processes betweéni Os
induced by the crystal field is in the range of a few hundretang Ef+ after excitation intol's(*T,4)/T'3(*Ey). The bent arrow
wave numbers. A detailed analysis of the,laErCl energy  shows the transfer of the whole Osexcitation energy to EF.
levels is contained in Ref. 29. Cross-relaxations are indicated with pairs of arrows connected with
All the f-f absorptions in Fig. 2 are very weakvalues dashed lines. The labeling of the processes is identical to the one
lie in the range between 0.1 and 4 Imbtm %, and are thus used in Sec. IVC 1.
significantly weaker than the intraconfiguration transitions of

CsNaYClgOs™, with e values between 5 and 180 gyced #1115, lifetime in the more concentrated crystal to an

Imol~tcm L. All the electronicf-f transitions are parity for- energy-transfer upconversion proceds it 4lyp—*l 15
bidden because of the exactly octahedral coordination of_ 4F_,, that acts as a relaxation pathway for tAy

Ert. The eI.ectric.—dip.oIe(ED) intensity is therefore on[y ob- population.

served in vibronic sidebands. Th,5,— I3 transition

around 6000 cm® is magnetic dipolegMD) allowed, and

thus more intense than the othfeif transitions in Fig. 2a), C. Cooperative processes between &sand Erd*
which are all MD forbidden. Its intensity is mainly contained
in the MD electronic origins, which are followed by the
weak ED vibronic origins to higher energy.

Er*t is a very prominent upconversion ion. After excita-  In this section we focus on the energy-transfer steps oc-
tion into the intermediate state® s, “l11, and *lg, curring between JS and EPF* after excitation into
around 6000, 10 000, and 12 000 chrespectively, efficient  I's(*T24)/I'3(*Ey) around 11000 cit. These initial steps
red, green, and blue upconversion luminescence is observede the basis for subsequent upconversion processes, that will
in many EF*-doped crystals and glasses. This is due to thde discussed in Sec. IVC2. Figure 9 shows a schematic
favorable energy-level scheme offEmwith series of almost ~energy-level diagram of the &s and EF* states below
equally spaced multiplets; see Fig.?Hg, and “F,,, almost 12000 cm ™. Based on energy arguments, three nonradiative
exactly lie at twice the energy dflg, and *l11,, respec- energy-transfer processes labetgdb, andc in Fig. 9 can
tively, and can thus be reached resonantly by two-step prgeccur. Process a represents the transfer of the
cesses involving'l o, and 41,1,. Exciting %l 135, at roughly  T's(*T2g)/T'3(*Eg) energy to*ly4,,. This process is charac-
half the energy of'l, leads to upconversion luminescence terized by only a small energy differenade =325 cni * be-
involving the absorption of up to four excitation quadta.  tween the electronic origins df s(*T,g)/I'3(*Eg4) and the

Upconversion has been observed and reported ihighest 411> crystal-field level, and is consequently ex-
Er**-doped chloride elpasolitts® #I,,,, *l4,, and “Fg,  pected to be efficient.
served as excitation levels. The lower part of Fig. 3 shows Process can be followed by process a cross-relaxation
the 15-K upconversion-luminescence  spectrum  ofprocess by whict1 4, relaxes to*l 13, exciting a neighbor-
CsNaYClg: 10% EP* excited into*l 1,/,. Bands in the blue, ing O™ ion from the ground state t,(®T,,). Procesd is
green, and red spectral regions are observed, leading to &xpected to be less efficient than procasdue to the bigger
upconversion luminescence that appears greenish white gnergy difference\E=638 cm * between the*l 11/l 13
the eye. The bands around 24 000, 18 000, and 15000 cmandI';(3T,5) —T'4(®T,4) transitions. Process, finally, de-
are assigned tHgp, %Ssp, and *Fgp—*l15,, respec- scribes the cross-relaxation, by which part of the
tively. Note that more than two 10492-cth quanta are O TI's(1T,4)/I'3(*Ey) energy is transferred to &F, excit-
needed to populate th&Hg, multiplet at 24 000 cm'. ing the EF" ion to *l,5, and leaving the % ion in

The 15-K *Sy;, and *I 4, lifetimes of CsNaYClg:10%  I',(Ty4). This energy-transfer process is characterized
Er’* are 11.0 and 45 ms, respectively. We find a considerby AE=1020 cm® between the I's(*T,q)/T3(*Eg)
ably longer 15-K*l 1), lifetime of 83.6 ms in CsNaYClg: ~ —T',(®T14) and *l 5,113, transitions, and is thus ex-
2% EP' than the 7=45 ms determined for®l,;, in  pected to be the least efficient of the three processes.
CsNaYClg:10% EP", whereas the*S;, lifetime of = Figure 8, showing the 15-K excitation spectrum of the
=11.2ms is essentially identical to the=11.0ms found in ~ *1,;, luminescence of GblaYCls;:10% EF, 0.1% O$§"
CsNaYCls:10% EP'; see Table Il. We attribute the re- demonstrates that proceasoccurs in CsNaYCls codoped

1. Energy transfer fromI's(*T,o/T's(*Eg) on O™ to 41y, and
4190 On Er¥*
132
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with ErP" and O4*. In addition to the sharp lines below tially excited O4" ions. For this latter subset of £rions,
10500 cm* characteristic of the directl ;;,, excitation, we  processb is more likely to occur than for the majority of
find the structured band above 10500 ¢ntypical for the  directly excited Et' ions, leading to the large relative inten-
o¢™ 1“5(11'29)/1“3(1Eg) excitation. This is direct evidence sity of the O4" bands above 10500 crhin the excitation
of process, transferring part of the initial 3% excitation to ~ Spectrum monitoring thél ;3, luminescence.
41 14y, Of EPY. The analysis of proceds has revealed the importance of
The efficiency of procesb can be estimated by compar- €Nergy migration among the Erions._ This migration is also
ing the ratios of the*l15y—115/, t0 #1371 15;, photon & key factor in determining th.e 9ff|c!enc¥ of thaLP se-
fluxes in the codoped GNaYClg EP*, O samples, with ~duence of processes after excitation ifig{"T5q)/I's("Eg).
the corresponding ratios observed in the singly dope(f‘ s+eque+nce_ qfa+b processes taking place In a given
CsNaYClgEr" crystals. The ratios of these photon fluxes,0§ -E_r3 pair Is most likely in crystgls with low éf_con-_
detected at 6462 and 9803 chrespectively, are collected centration. At hlghgr E¥ concentrations, energy migration
in Table I for %1, excitation. Already in the singly doped away from this active center becomes competitive. We thus

. expect to find the highest ratio of tHé;5,— %15, t0 *111/
CsNaYClg:2% EP* crystal, the*l 13,— 1 15, luminescence % : .
band dominates. Its photon flux is larger by a factor of 28_ | 1512 photon fluxes in the codoped sample with the lowest

Er* concentration upon O$ T'g(1T,,)/T3(*E,) excita-
4 4 507 12g)/1 3("Eg
than the"l 1,115, photon flux. The energy gap between . - piq s exactly what we observe; see Table I.

“Ill,zand“llg,zistooIargetoattributethisobservationtoan.l.he largest ratio of 14200 is found for the

efficient 4|11{W4|13’2 mu!tiphonon relaxa.tion, 6and also CsNaYClg:2% ErP*,0.1% O$" crystal. It then decreases
cross-relaxations cannot induce a relaxation frohi, ©0 44" 199 iy CgNaYCly:10% EF*,0.1% O4*, and increases

I 132 in the singly doped GdaYCls:2% EF" sample. We . .
th13/2 ud gt?]' t“lp i fed g h diat P 1, again to 2860 in GNaErCk:0.1% O$*. All these values

lj? COTC u i. a_l_hl.3’2 S I'e y | €ra g’} ';’.eél 112 are larger by at least one order of magnitude than the corre-
H4|13/2t r%"?s' |on;1| 'E |mph|_es at' arge radialiveliz - gponding ratios observed after diretit,,,, excitation, indi-
— 113210 "laaz— Tl Dranching ratio. cating an enhanced probability of procds$or those EF*

H 4 4 4 4
quxTehseirzzlﬁgas?ést?r%r#gz/zs—;ol fgot%et\l/&éfé: tLlé"/ZS.ﬁh?togo ei ns neighboring 0% . The concentration dependence could
INGly dOPeHnt pe explained by process and we conclude that the

. + . +
g?&aYggZ%aﬁs Sﬂg t?: C;)sdcor?beeddg?(?\(grlg CZeO/SoBEF”; +b sequence of processes is the predominant pathway to
' o . . o populate®l 13, after I's(*T,g)/T'3(*E4) excitation.
CsNaYClg10% EF*, 0.1% OS' and CsNaErCk:0.1% Processa is thus identified as the initial energy-transfer

Os*, the corresponding ratios are 110 and 1670; see Tablgtep aftel’ 5(1T,,)/T'5(*E,) excitation in all the CNaYCl
I. This concentration dependence is due to an energy migrac-rystals c%dosged ?/vithg Bf and O4" It causes Ga
tion that significantly increases the probability to bring anyicrease  of the I (1T, IT5(*E,) .|ifetime from
Er* 41, excitation into the neighborhood of an‘Oson. 199 us in C NaYéI .0291% 3b§+g to 120 us in
The higher the B¥ concentration, the more mobile the sZNa/\L(CI 10% E@+ 061'%' 04" see Table M” In
4111/, excitation becomes, thus increasing the efficiency ofg NaErCGQ'O 1% O§,+ .hardl ,an To(1T,0)/T (iE )
process. This increase is accompanied by a decrease of the_}s‘f CT ).Iu.minescence is gbserv)éd gnd zt?‘e C%rregpond_
*1 111, lifetime from 83.6 ms in CNaYCls: 2% EF* to 56, I :

. ) ing lifetime is shorter than Ius. In the CgNaErCk host
53; %nf%l'ééTsw'i?h tXh:e Zci%ozendd iggqprlngoeﬂcst'i\%?f% every Oé*'ion is surrounded by several Erions in the
e - SR N - nearest neighborhood, making procesthe most efficient
According to Fig. 9, processis in competition with the d h | foF (1T At low Er¥ trati th
sequence a+b for populating I after initial ecay channel foF's(“T,q). Atlow Er*” concentrations, the
N 1 o 13/2 o T5(*Tye)/T3(*Eg) population is predominantly transferred
[5("Tog)/T'3("Eg) excitation. Comparing the excitation to 4 by thea- b sequence. whereas at hiahe?Econ-
tra of the*l ;1,—*l 15, and *l 13,— 115/, luminescence 132 0Y q S g
SPectr: 1 152 < 182 2 e T centration part of the'l ;,, excitation induced by process
transitions of Cg:laYCIs.l_O/o EPY, 0.1% 0¢" in Fig. 8 persists. The branching betwedi(*To,)/I's("Ey)— 11y,
rev?als th?t l132 is  predominantly fed by andl's(1T,0) /T 3(*E4) — 1 13, can thus be tuned by the Er
I's(*T,g)/T'3(*Eg) excitation above 10 500 cm, in contrast g g

t40 #1,152. This increased A% contribution in the feeding of concentration.

I 13,2 can thus plausibly be attributed to procedsypassing . .
the “4,,, state by the direct energy-transfer step 2 GreenlE'H Upclonvers'pn !um'nesczf ce after
F5(1ng)/F3(1Eg)—>4l 1. Is("Too)/T'3("Eg) excitation on O

Unfortunately, this plausible explanation is not as unam- Processes |, I, and Ill, schematically depicted in Fig. 10,

biguous as it looks at first sight. The difference in the NIRlead to green EFf upconversion luminescence after
excitation spectra of Fig. 8 can also be explained within theF5(1T29)/F3(1Eg) excitation on O$". Process | represents
a+b sequence of processes. This alternative interpretation ithe upconversion process usually observed in compounds
based on the fact that different subsets ot'Bions in the  singly doped with Ef" upon 1,4, excitation, by which
crystal are excited by processand by direct®l;, excita-  *F,is initially excited, followed by fast multiphonon relax-
tion: Direct *l ;,, excitation is unselective with respect to the ation to 4S;,. As the 4l 15— %11,,GSA is almost resonant
Er** environment, whereas energy transfer frég(*T,;)  to the *l13,—~*F7, ESA, both GSA/ETU and GSA/ESA
by process primarily excites Et" ions neighboring the ini- mechanisms can induce upconversion in compounds singly
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B3+ I's(1To0)/T'3(*Eg) excitation bands of 3, in addition to
the lines characteristic of direct £r “l1,;,, excitation. The

4F7p observed quadratic dependence of @,? upconversion-

2Hyyp % . . , luminescence intensity on the excitation power at the

4Sap 7y 1"5(1T29)/1"'3(1Eg) excitation energy is a fingerprint of the
upconversion process |, and rules out process lIl.

4Fgp . . . . ) The excitation spectra in Fig. 4 show a series of intense
sharp lines above 11 700 ¢rh Their energetic positions ex-

Mo ! ' ' E ' actly correspond to the ESA5,— %S5, and consequently

4 we attribute them to process Il. The interf®;;, upconver-

12 sion luminescence at the'l s, %Sy, ESA energy in

CsNaYClg:Er",0¢" crystals is enabled by the initial

My o L L . I's(1To)/T3(*Eg) absorption of O%. The subsequena

+ b energy-transfer sequence tb 5, is an important step in
this upconversion mechanism. It provides a significant popu-
lation in 1,5, to enable the'l 15,—4S;, ESA step.
Efficiency arguments are important in the discussion of
15y T ) , ] . ) sensitization processes. The excitation spectra in Fig. 4 are
a measure of the relative efficiencies of the different path-
I Il 11 ways to induce %Sy, upconversion luminescence. The
FIG. 10. Upconversion processes leading' &, luminescence middle trace Of+ Fig. 4 " indicates th"i‘tl exciting
starting from“l 3, (1) and *I 135, (I and 111). The solid, curly, and CSQNaYC|6:1O% EP',0.1% O$* at 10 959 cm’, corre-
double arrows represent energy-transfer upconversion, multiphonopPonding to the Js' T's(*Tag)/T'5(*E) excitation energy,
relaxation, and excited-state absorption, respectively. is almost as efficient as dire€t/, excitation below 10500
cm L. This is a remarkable result in view of the differences
doped with E?*. As the laser tuned to the in the concentrations of Ef and O4*. It reflects the 100
T'5(*T4g)/T'5(*Ey) states of O%' is too high in energy for a  times higher extinction coefficient of tHes(*T,q)/T'3(*E,)
resonant®l ;;,,—*F,ESA step, we assume the upconver-absorption of O% compared to*l 1;,, of EF* (see Fig. 2,
sion step in scheme | to occur by energy transfer. Scheme Hnd also implies a high @3§—Er*" energy-transfer effi-
indicates an energy-transfer upconversion mechanism staftiency. Despite these favorable characteristics, we cannot
ing from 413, reaching®l g, in a first step followed by a take full advantage of the & sensitization potential for
second energy-transfer step to popul&Bgy,. In contrastto  Er3* upconversion, because the ;8aYCl; host only ac-
fluorides and oxides‘flg,z is metastable in chlorides, and this cepts a maximum g3 doping concentration of 0.1%.
upconversion scheme has been shown to work efficiéfitly. Choosing a host lattice more suitable for the"Osensitizer
Processes | and Il consume two and three excitation photong an obvious way to get around this concentration limitation.
respectively, to create ontSg, excitation and should con- All the excitation spectra in Fig. 4 were measured with a
sequently be characterized by quadratic and cubic dependeparrow-band excitation sourde-1 cm %), which favors the
cies, respectively, of thé'S,, upconversion-luminescence sharp #l11), lines over the rather broaﬂ5(1ng)/F3(1Eg)
intensity on the excitation power. absorption. Excitation with a broadband source will greatly
Process Il is the ESA fronfl 13, to “Sy;». This process  favor excitation via the J¢ sensitizer.
cannot be induced by single-color excitation in compounds The efficiency of inducing*S;/, upconversion lumines-
singly doped with E¥", as EF* is transparent at thél 13,  cence via the J¢ sensitizer is dependent on the*Ercon-
—%S3, ESA energy above 11700 crh In contrast, O5  centration; see the excitation spectra in Fig. 4. This is mainly
absorbs at this wavelength. The sequence of absorption afue to the concentration dependence of protesiscussed
Os'*, energy transfer t8l 13, and ESA* 13,~*Sz, might  in Sec. IVC 1. As the upconversion process | starts from
thus occur, and represent an upconversion mechanism df,,, we find the highesf5(1ng)/F3(1Eg) contribution to

Os*" and EF* in the codoped GiaYClg crystals. the excitation spectrum of théS;,, upconversion lumines-
Figure 3 demonstrates that Ossensitization of EY* up-  cence in CsNaYCl;:10% EP*,0.1% O4; see Fig. 4.
conversion occurs in GNaYCls codoped with O%" and The relative efficiency of process Ill is rather independent

Er*. It shows the upconversion luminescence ofof the EF* concentration; see the lines above 11 700 tm
CsNaYClg:10% EF*,0.1% 08" upon '5(1T,g)/T3(*Eg)  the excitation spectra of Fig. 4. This is related to the fact that,
excitation of O8". In addition to the O%" I';(*A;)  independent of the Bf concentration, a predominant part of
—T1(3Tyg) and T3(*A;))—T4(3T1g) upconversion- the I's(1T,)/T3(*Ey) excitation is transferred t6l ;.
luminescence bands, we observe f18,—*l 15, and *Fg, Not only relative intensities in a given material are impor-
—%45,Er" upconversion-luminescence transitions. Thetant in evaluating the sensitization potential of*Oseven
excitation spectrum of théS;;, upconversion luminescence more important are the relative intensities of the same tran-
in Cs;NaYCls:10% EFP,0.1% O$", depicted in Fig. 4isa sition in different materials. As luminescence intensities
further proof of the O% sensitization. We observe the strongly depend on the exact experimental setup, the error
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B3+ Os+ V. CONCLUSIONS
454, TN We have analyzed the cooperative processes between
— VRSP Os*" and EF" in the cubic elpasolite host @8aYCls. Mea-
. suring luminescence intensities and lifetimes of the relevant
o2 ' states has revealed the energy-transfer pathways, by which
iy, — _ the O4" excitation is transferred front"s(*T,q)/T'3(*Ey)
T3 (IE,) to %y, and ‘.5, of Er". By transferring the
Mg o [ Alr (1Tze) I'5(1To0)/T3(*Ey) excitation energy td'l 15, Os™ acts as
R a sensitizer for subsequent®Erupconversion. The energy
. . transfer to *l,3, opens up the way for an upconversion
liap X— : mechanism at the energy of tH#,;,—*S;, excited-state
| ‘11:3 absorption. Varying concentrations greatly influences the
1 '1“5 CT1) brarllching lbetweﬂren Is(*To)/T3(*Eg)— 11, and
4 & I's( ng)/rs( Eg)—> l13/2-
0 _ r The fact that E¥" upconversion can be sensitized with
— 1

0" at a doping concentration of only 0.1% shows thdt 5
FIG. 11. Energy-transfer processes betweeti Bnd 04" in-  transition-metal ions are promising candidates to sensitize
volving *S,),. The bent arrow shows the transfer of the whig, ~ rare-earth upconversion. The sensitization efficiency in the
energy to O%'. Cross-relaxation processes are indicated with pairditle compound is low, especially for narrow-band laser ex-
of arrows connected by a dashed line. citation. Choosing a tetravalent host lattice such ag @
) ) ) - ~_allowing higher O$" concentrations and diode-laser excita-
bars on ratios of luminescence intensities observed in differgon should greatly improve the situation. Another problem

ent samples are relqtivgly l.arge' We theref(_)re only give alkncountered in the sensitization offErupconversion in the
order of magnitude indication in the following. ThtS;, Cs,NaYClEr*,0¢" samples is related with the back-

upconversion-luminescence intensity induced by difégt, + o + ) .
excitation at 10492 cit in Cs,;NaYCls:10% EF" is more transfer of E.? eXC'ta.tlon to O.é . This occurs in both Ef
states, the intermediate excited stédtg,,, and the upper

intense by one order of magnitude than the intensity ob= " : :
served upon the same excitation in the codopec?xc,'ted state*S;,. By varying the Et* concentration, the
CsNaYCly:10% EP*,0.1% O4*. This intensity reduction various energy-transfer processes are greatly affected and a

is due to the loss processes introduced to tHe Bpconver-  tuning of the overall upconversion efficiency is  thus
sion system by the presence of‘Os achieved. . , o

In Sec. IV C 1 we have already discussed the losses intro- N addition to sensitizing Bf upconversion, exciting into
duced to*l 13, by the cross-relaxation procebsFigure 11  the relatively broad’s(‘T,g)/T's('E,) states above 10000
schematically shows the loss processes caused by energ§ ' represents an efficient way to populdte s, of EF*,
transfer betweerf'S, of Er** and the spin-flip states of especially at low EY* doping concentrations. Thél s,
Os**. They involve the transfer of théS,, energy to  —*l1s, laser transition is of interest for telecommunication
Fl(lAlg) and the cross-relaxation”§3,2+1“1(3Tlg)44F9,2 applications. These lasers are usually pumped ifitg,
+T,4(3T1g),  *Sap+T1(3T1g) =g+ 's/T3(3T1y), and  around 12000 cm'. The relaxation from’lg, to the *I 43,
S+ L1 (3T1g) =122+ Ts(*Tog)/T3(*Eg).  This large  upper laser level is based on multiphonon relaxation, which
number of possible energy-transfer processes is a direct coexplains why high-phonon energy hosts are desirable for
sequence of the rich energy-level structure of thé'G=®n-  these application¥ Pumping samples codoped with 3Er
sitizer and the EY" activator with similar energy intervals. and 04* into F5(1T2g)/F3(1Eg) around 11 000 cit might
The sum of these processes leads to a reduction ofS8§¢  represent an alternative route to generate High,, popula-

lifetime, as documented in Table II. THES, lifetime de-  tions in hosts, where thél;y,,—*l 3, multiphonon relax-
creases from 11.2 ms in @aYClg:2% EP* to 7.5 ms, 7.2 ation is inefficient.

ms, and 119us in CsNaYCls:x% Er',0.1% O§", with
x=2, 10, and 100, respectively. This shows that 18,
guenching is more important for the samples doped with the
higher EF" concentration, in analogy to the situation de-
scribed in Sec. IV C 1 for the quenching 6Ff,,,,. Finding This work was financially supported by the Swiss Na-
the optimum concentration of the dopant ions is thus cruciational Science Foundation. We thank O. Wenger and R. Va-
to achieve the most efficient upconversion in theliente for fruitful discussions, and S. thi for providing the
CsNaYClg:Er*",0¢" system. CsNaYClg:10% EP' crystal.
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