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The upconversion luminescence of aMdoped system is presented and analyzed. CsExiBr Dy**
(x=0.2,1,8 was synthesized and grown as crystals using the Bridgman technigdé.idhs preferentially
enter this host as charge-compensated dimers. Due to the low-phonon energy the efficiency of multiphonon-
relaxation processes is significantly reduced in this host compared to oxides and fluorides. Yellow-green
upconversion luminescence originating frdifiy, can be induced upon excitation inf&s, or 6F, in the
near infrared(NIR). Depending on the excitation wavelength, upconversion occurs by an energy-transfer or
excited-state absorption mechanism. The two are distinguished by their temporal behavior after an excitation
pulse. Analysis of the upconversion-luminescence transient of Cs@iB¥% Dy** at 10 K leads to a rate
constantW, =165 s'! for the energy-transfer step. This is very small, and thus upconversion based on one
excitation wavelength is inefficient. In addition, the intermediate NIR |&¥&), is significantly depopulated
by multiphonon relaxation at room temperatr80163-182¢8)02208-5

I.  INTRODUCTION version mechanisms can thus be identified and the rate con-
stants for the important steps determined.
The phenomenon of upconversion luminescence, i.e.,

photoexcitation at a certain wavelength followed by lumines- II. EXPERIMENT
cence at a shorter wavelength, is quite common in com-
pounds containing L1 ions?! Especially P+, Nd®*, Ho®",
Er*, and Tni* have been incorporated in various kinds of  DyBr; was prepared from DyD; (Johnson & Matthey,
hosts and upconversion has been demonstfatesiut virtu- 99.99% following the ammoniumhalide routé:!* 2.55 g
ally nothing has been reported on Dyin this research field, (6.84 mmo} of Dy,0O; and 4.69 g(47.8 mmo) of NH,Br
apart from examples describing Byin combination with ~ (Merck, 99.8%) were dissolved in concentrated HBr solu-
other rare-earth iofi$ or as a quencher of luminesceri@e. tion (Fluka, pa. 48% and evaporated to dryness. The ob-
This is mainly due to the dense energy-level scheme ofined(NH,);DyBre was further dried under at 200 °C for
Dy3", favoring radiationless decay of excited levels by mul-1 N followed by decomposition under vacuum at 420 °C for 3
tiphonon relaxation. These relaxation processes can be su(E—to obtain DyBg. For purification, the product was sub-

pressed in low-phonon energy hosts, such as bromides dmed three times. CsBtMerck, 99.5% was dried under
iodides, which, on the other hand, are not ideal from a maYacuum and CdBr(Johnson and Matthey, 99%as purified

terials point of view, due to their moisture sensitivity. by twofold sublimation.

. . . : Using stoichiometric amounts of CsBr, CgBrand
_The inertness of Csc_ldgrtowards moisture is qum_a DyBr,, crystals of CsCdBrx% Dy** (nominally x=0.2.1,
unique among the potential low-phonon energy host lattice

o2 . . were grown in sili mpoul he Bridgman h-
for lanthanide ions. It crystallizes in the hexagonal syste %) ere gro silica_ampoules by the Bridgman tec

. . R . : ique. Due to the hygroscopic nature of the starting materi-
and is built up from infinite linear chains of face sharing ;¢ handling had to be carried out in a dry box. The 0.2%

4_ . .
[CdBrg]"  octahedra along the crystallograph@ axis.  gnq 194 crystals were of good optical quality, not sensitive
CsCdBg has been extensively used as a host lattice for trivaggwards moisture and could easily be cleaved alongcthe
it H H ~6,11,12 A N - ; _ -
lent transition-metal and lanthanide ioffs:*'***Based on g, allowing spectroscopic measurements without polishing
electron paramagnetic resonance and optical SPectroscogy crystal surfaces. The crystal nominally doped with 5%
evidence, it was found that trivalent ions preferentially enterDy3+ was of significantly poorer optical quality and absorp-

the lattice by forming a dimer unit Bﬁf‘éf‘ffncy'_'-ﬁ e~ tion spectra indicated an effective concentration of 3.8%
placing three C#" ions along the chaiit'? Besides this Dy3* within the sample.

energetically most favorable charge compensation, the fol-
lowing minority sites were postulated: EhLn®"-vacancy
and an isolated LH ion accompanied by a Csvacancy’
The Lr#*-Ln®" separation in the majority dimer is about 6 A Absorption spectra were recorded on a Cary(\Barian)
giving rise to weak exchange interactions and quite efficienspectrometer. Continuous-wave upconversion-luminescence
energy-transfer processes. spectra were obtained using an argon-ion la&®&pectra

In this paper we present the near infraf®dR) to visible  Physics 204bpumped Ti:sapphire lasé¢BGchwartz Electro-
(VIS) upconversion-luminescence study of a®Dyloped optics in standing-wave configuration. Wavelength control
system. The observed upconversion irfDyloped CsCdBy  was achieved by an inchworm driveiBurleigh PZ 501
is spectrally and temporally analyzed. The relevant upconbirefringent filter. The sample luminescence was dispersed
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20 FIG. 1. Unpolarized survey absorption spec-
P trum of CsCdBg:5% Dy** at 20 K. The asterisk
~.: ] denotes a water absorption. Above 20 000 ¢m
g 1 1 the bands are not fully resolved. In the high-
I : —— T — energy region only a few selected transitions are
10_: o li 00 12500 13000 assigned. The multipletdF 5, and °F 5, are en-
. = = \ larged in the inset. These were used as excitation
8 g 88 g3 S levels for upconversion experiments.
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Energy fem™]
by a 0.85-m double monochromat@pex 1402 and de- . RESULTS
tected by a cooled photomultipligRCA 31034 using a
photocounting systerStanford Research 4R0 Figure 1 shows the absorption spectrum of CsGoBY

For pulsed upconversion-luminescence measurements By in the spectral region between 5000 and 32 000tm
the 6F 5, excitation energy of 12 338 cm the output of a  at 20 K. It consists of weak and narrow lines, characteristic
frequency-doubled Nd:YAGyttrium aluminum garnetiaser  of f-f transitions. The assignment is straightforward from a
(Quanta Ray DCR 3, 20 Hzpumped dye lasefLambda comparison with the literatur€.In the high-energy region
Physik FL 3002, rhodamine-101 in methanalas Raman- only some selected multiplets are assigned. The energy gap
shifted (Quanta Ray RS-1, H340 ps). For “Fg, excitation  between the sextet and quartet states is 7000crfthe
at 20 945 cm?, the dye rhodamine-B was used and the out-spectrum is dominated in intensity by the transition
put was anti-Stokes shifted. The sample luminescence walH ;5,,—°%Hg»/%F 11/, around 8000 cm'. The transition to
dispersed by a 0.75-m monochromatSpex 1702 and de-  6F,,, expected around 13 750 crhis too weak to be ob-
tected as described above. For time-resolved measurementserved in the survey spectrum, confirming the selection rule
multichannel scale(SR 430 was used. that allows only transitions with J<6. The inset shows the

Sample cooling was achieved using the helium-gas flowmultiplets °Fs, and ©®Fg, that were excited for
technique for luminescence experiments or a closed-cyclapconversion-luminescence studies. The energies of the most
cryostat(Air Products for absorption measurements. important crystal-field levels obtained from high-resolution

Luminescence spectra were corrected for the sensitivity ofibsorption spectra and used in the subsequent upconversion
the detection system. They are displayed as photon coungtudies are summarized in Table I. THef energy-level
versus energy (cit). scheme of Dy" is shown in Fig. 2. The total splitting of the

TABLE |. Selected energy levels for CsCdBDPy®" extracted from high-resolution absorption and lumi-
nescence spectra; energies are given in‘tm

®His (1) 0 *For () 8994.4 Mo (€ 24615
2 17 2 9004.1 2 24631
©) 31 ©) 9105.0 ©) 24633
4 153 4 9108.3 4 24 648
(5) 264 (5) 9123.3 (5) 24 861
(6) 308 SFsg), ) 12 339 (6) 24 887
7 359 o) 12 405 ) 24 944
8 381 ©) 12 421 8 25 024
5H 135 1 3545 F 3 1 13186 9 25 046
2 3552 @) 13 189 (10 25 065
3 3556 “Fan () 20912 (12) 25080
4 3566 ) 20933 13 ©) 25 454
(5) 3573 ©) 20 945 4 25 456
(6) 3577 4 21171 (5) 25520

(7) 3587 (5) 21176 (6) 25553
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FIG. 2. Energy-level diagram of By with two possible ETU
mechanisms to populatéFy, after ®F¢, excitation. The cross-
relaxation step is indicated with dashed arrows.

absorption 20 K

multiplets by the crystal field is indicated by the height of the 12000 12500 4. 13000
boxes. Energy [cm ™ ]

Figure 3 presents the upcpnversion—luminescenfe SPEC- FG. 4. Upconversion-excitation spectra of CsCglB% Dy**
trum in the VIS and near ultraviolet of CSCdI % Dy3 al  at three temperatures detecting the intefg,— °H s, lumines-
10 K under continuous-wave °Fs, excitation at cence at 17 341 cnt. The individual spectra are scaled to an equal
12338 cm™. A comparison with energy differences be- height of the peak at 12 338 cth The absorption spectrum at 20 K
tween individual crystal-field levels obtained from high- of the same spectral region is shown at the bottom.
resolution absorption spectra leads to the assignments given
in the figure. The*Fq,—°®H s, transition is dominant, de- ting level. The*P3, luminescences show a cubic power de-
termining the yellow-green color of the upconversion lumi-pendence; this emitting level lies at an energy of
nescence. In addition to the transitions originating frtfig,, 27 148 cm! that cannot be reached by absorption of two
weak luminescence transitions frofivi,,;, and “P3, can be 12 338-cm* photons and is thus populated by a three-
detected. The total intensity of the upconversion luminesphoton process.
cence decreases by about two orders of magnitude between Excitation  spectra  monitoring the  upconverted
10 K and room temperature. The power dependence fofFg,— °H i3, luminescence at 17 341 crhof CsCdBE: 1%
“Fg,, and *M,y,, luminescence intensities is exactly qua- Dy*" at three different temperatures are shown in Fig. 4.
dratic, indicating a two-photon process to populate the emitBelow 20 K the similarity of the excitation spectrum to the
corresponding absorption spectrum that is shown for com-
parison is evident. With increasing temperature, the excita-

E & ks tion lines get broader and there arise intense and extraordi-
&g F & narily sharp lines at 12 164 cmh and 12 177 cm’. The
Tg Tg Tg E intensity of these lines relative to the excitation line at
N R al & w? 12 338 cm! increases by factors of 2 and 4 when going
g o 8 9 from the 0.2% sample to the 1% and 5% sample, respec-
: = & = tively. Also at 13 181 cm* another hot line is observed.
=4 ~ ~ ] o o N . .
g & 83 o =2 =2 F|.gure 5 shows the d_ecay qf tH o/, luminescence in-
%t ET“ ° B ° °1 tensity after pulsed excitation intdF 4, of CsCdBg:0.2%
S8 s |8 8 K Dy*" at 10 K. The semilogarithmic plot reveals a double-
S R AR N + exponential decay curve. From a double-exponential fit we
ﬂ i ML obtain decay times of 105 and 5@& for the two branches,
L T S, — b with two orders of magnitude more intensity in the fast part.
15000 20000 25000

This behavior is reproducible for different excitation intensi-
ties and Dy" concentrations. ThéF g, lifetime of the ma-
FIG. 3. Survey upconversion-luminescence spectrum ofiority site is attributed to the dominant first pat05 us).
CsCdBg:1% Dy*' at 10 K using®F, excitation at 12 338 ci, The slowly decaying part is attributed to a minority center
see Fig. 1. with a lifetime of 501us. In CsCdBs:Tb3" a similar relation

Energy [em™
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TABLE Il. Luminescence rise and decay times extracted from
time-dependent measurements at 10 K. The values are gives in
Calculated data are obtained using the Judd-Ofelt m¢sisd Sec.

IV A).
§ 3 Expt. Calc.
% Excitation Detection Rise Decay Decay conc.
£ 3 5Fg), 5F¢), 1200 744 0.2%
] Fy, Fy, 105 222 0.2%
5F¢), “Fop 107 546 0.2%
3 \ ®H 14 10 000
] I L] 11! SFy, “Fgp 41 426 1%
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time [ms]

FIG. 5. *Fg,—®H, 3, luminescence decay aftéFq, excitation
of CsCdBg:0.2% Dy** at 10 K. The ordinate scale is logarithmic. at about 210 and 12@s for the 0.2% and 1% samples,
The excitation pulse has a width of 10 ns and occurs=a. The  respectively, and then we observe a decay within a few mil-
data were fitted with a double exponential decay function. liseconds. From the semilogarithmic plots in the inset of Fig.
6 we see that the decay is perfectly single exponential in the
of luminescence lifetimes belonging to different centers haglilute sample but shows a small deviation in the concentrated
been found? one. An analysis in terms of a rise and decay time, which
The upconversion-luminescence transients*Bf,, ob-  Wwill be discussed in detail in Sec. IV C, yielded the following
tained under pulsefiF s/, excitation of CsCdBy:Dy*" at 10  respective results: 107 and 54& for the 0.2% crystal, 41
K are shown in Figs. @) and @b) for 0.2% and 1% Dy",  and 426us for the 1% crystal.
respectively. The luminescence intensity is seen to slowly The luminescence rise and decay times at 10 K extracted
build up after the excitation pulse. The maximum is reachedrom the time-dependent experiments are collected in Table
Il. Whereas the lifetime of°Fs, is strongly temperature
dependent—it decreases from 1.2 ms at 10 K to z250at
room temperature—the value of th€, lifetime is not sig-
nificantly affected by temperature changes.

IV. DISCUSSION

A. Upconversion luminescence and lifetimes of excited states

Photon counts

4 5 In view of the fact that no upconversion luminescence has
been reported so far in a purely Bydoped system our ob-

(@ servation of visible luminescence upon NIR excitation is re-
markable and deserves analysis. Upconversion processes re-
4 5 quire, among other factors, the availability of an intermediate
Time [ms] state with a sufficiently long lifetime, so that a high popula-
tion of this state can be achieved. The energy-level scheme
of Dy** in Fig. 2 is characterized by a relatively dense pack-
ing of multiplets in the near infrared. This is followed by a
large energy gap of about 7000 chseparating the highest
sextet®F;, from the lowest quartetF,. The quartet states
again show a relatively dense packing. This energy-level
structure largely determines whether and under what condi-
E— tions upconversion processes can occur.

Photon counts

2 3 4 5 The lifetime of an excited state is determined by both
radiative and nonradiative depopulation processes. The ra-
(b) diative rate constants are largely determined by the electronic
: , . . : structure of the lanthanide ion; their dependence on the co-
0 1 2T‘ : 3] 4 5 ordination geometry and the chemical nature of the coordi-
me |ms

nation is of minor importance. The same is not true for
FIG. 6. (8) *Fgj,—%Hs), Upconversion-luminescence transient Multiphonon-relaxation processes. They depend on the ener-

after ®F g, excitation (12 338 cm') of CsCdBg:0.2% Dy** at 10 ~ 9gies of the accepting phonon modes, and for lanthanide sys-

K. The excitation pulse has a width of 10 ns and occuts=@t. The ~ tems the so-called energy-gap law can be used to express the

smooth line corresponds to a fit with E). The inset shows the Multiphonon-relaxation rate constang:*’

same data in a semilogarithmic plotb) Same transient for

CsCdBg:1% Dy**. wo=Be” *P, (1)
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In Eqg. (1) « and B are parameters characteristic of the mate- TABLE Ill. Comparison of experimental with calculated oscil-
rial, p=AE/fw is the number of phonons of enerdyw lator strengths for CsCdBDy®*. The values used as input for the
required to bridge the electronic energy g&E. The least-squares procedure are indicated in boldface. The following fit
highest-energy phonons are the most efficient acceptingarameters were U'Sedﬂ(zfz-‘18>< 100 ¥en?,  Qy=2.29

modes. According to a rule of thumb fdef states in lan- <10 *° c, Q) =5.98<10"*! cn?.
thanides, multiphonon relaxation is dominant fpx 5. This

rule has a sound empirical and theoretical bafHighest- Transition Fabs (10°9) Fearc (10°°)
energy phonons in oxides, fluorides, chlorides, and bromides H 1515 SH 110 1.64 1.72
have typical energies of~600, ~400, ~260, and —Hgp/F 11/ 19.8 223
~160 cm %, respectively. For CsCdBa value of 163 cmt! L OF g1 /OH 0.619 1.81
was determined by Raman spectroscbpy. _,6H 0.008 0.002
The large energy gap of 7000 chbetween the quartet _}eFSIZ 0.656 0.916
and sextet states of By prevents an efficientF g~ °F 1 _}eFm 0.338 0.290
multiphonon relaxation even in oxides. Thus, if an upconver- —>6F5/2 0'050 0'054
sion process can be achieved, a luminescence from the low- —>6F3/2 ' 0'00
est quartet states is likely to occur. The problem is to obtain a2 '
a sufficiently long lifetime of the intermediate sextet level in _>4F9’2 0.134 0.089
—4Gy1pp 0.185 0.137

the NIR. The largest energy gap of Byin the NIR (see Fig.
2) is about 1300 cm' between®Fs, and ®F,. With the
maximum phonon energies quoted above,5 for both ox-
ides and fluorides, and multiphonon relaxati®ffg~5F,,  Pparameters=(?), F®) F®) and {* The Q) parameters
is thus very competitive. The same is of course true for albbtained from fitting absorption intensities can in turn be
the other gaps between 14 000 and 9000 trwhich are all  used to calculate oscillator strengths and rate constants of
smaller than théF,-°F,,, gap. The situation is very differ- transitions between excited states. From the sum of all radia-
ent for the CsCdByhost chosen in the present stugyis  tive decay-rate constants the radiative lifetime of a given
about eight for thé’F,-6F4,, gap, and the rate constant for multiplet is then obtained.
multiphonon relaxation is smaller by orders of magnitude As no data forF(®, F(®), F(®) and{ were available for
than in an oxide or a fluoride. This, in our opinion, accountsCsCdBg:Dy®", these atomic parameters were estimated in
for the nonobservation of By upconversion luminescence the following way: Their values are known for
so far. . _ o CsCdBg:Er** and for both E¥* and Dy*" in LaF,;.2*?* As-

The experimentally determined lifetime=1.2ms at 10  syming the same ratio of these atomic parameters f&f Er

K of °Fsp2 for CsCdBEg:0.2% Dy’* confirms that nonradia-  4nq Dy** in the two lattices, the following values were de-
tive quenching cannot be important. We used a Judd-Ofelt, .4 = tor CsCdBs:Dy*": F(=91877 cm?l, F®

analysis to _estlzryzalte the radiative contribution to the experi_ g 4oc cmil, F®=45106 cm?, ;=1892 cmil.
mental lifetime?"<* In a Judd-Ofelt calculation three inten- o
. . . : This fixed set of parameter values was then used to deter-
sity parameters(),) (A=2,4,6) are fitted to oscillator mine Q,, by fitting Eq. (2) to the 295-K absorption intensi-
strengthd extracted from unpolarized room-temperature ab—t. f t(ﬁ) y i Igt % v th lator st pth £ multi
sorption spectra, using the following formula: Ies of the mulliplets. Dnly the osciflator strengths of multip-
lets that are well separated could be used as input values for
8mmy  x the least-squares procedure. These multiplets are given in
f=—F— o7 boldface in Table Ill. The table shows that the experimen-
3h  (2J+1) .
tally determined values are very well reproduced over the
whole range of four orders of magnitude by HE). The
intensity parameter§ () thus obtained were used to calcu-
. _ ~late radiative lifetimes of various excited states. A compari-
In Eq. (2) x stands for the local-field correction. For electric- son of calculated and measured lifetimes is given in Table II.
dipole induced absorption and emission processes it is re=or F, the measured lifetime at 10 K is found to be some-
lated by the following expressions to the refractive indiex what longer than the calculated one. We conclude that non-

X D Qo[ SLIUM|frSLIINE (2
A=2,4,6

respectively: radiative processes play a negligible part in the depopulation
) ) of ®Fg, at this temperature. The observed decrease of
_(n°+2) 3) 7(®Fs,) from 1200 to 25Qus between 10 and 295 K, which
Xabs 9n ’ is accompanied by a corresponding decrease in the lumines-
cence intensity is attributed to thermally activated nonradia-
n(n+2)? tive processes such as multiphonon relaxation or the cross-
Xem="g - (4 relaxation proces®Fg,+°H 15, bF g+ Hysp, indicated

with dashed arrows in Fig. 7. This latter process is thermally
The refractive index was set to 1.78.The last factor in Eq.  activated because the gap betwéeiys (1) and ®H341)
(2) is the square of a reduced matrix element of the tensais greater by 200 cm' than the gap betweefFg (1) and
operatorU®), characteristic of a transition between the mul- °F4(1); compare Table I.
tiplets [f"SLJ) and|f"S'L’J’) within the f" electron con- For the other important multipletF g, the measured and
figuration. These elements are determined by the four atomicalculated lifetimes at 10 K differ by a factor of 2. This lies
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Elem™ observable rise after the laser pulse, followed by a decay.
N This distinction is possible when the pulse width is much
4 shorter than the time constant of the relevant energy-transfer
= = B2 step.
Ma1/2 . . . .
Gin The upconverspn—lummescence transient, obtained under
6
= 415, pulsed °Fg, excitation(Fig. 6) clearly shows the latter be-
1 4Fgp havior. It will now be analyzed in terms of possible energy-
20000 7 transfer upconversion processes. Starting frbfz,, two
ETU mechanisms for the population of the dominant emit-
ting multiplet *Fy, are energetically possible. They are
s shown in Fig. 2: In the first proceds), the whole ®Fg,
6213//5 excitation energy is transferred, leading to a population of
< 3 6F5/0 *M,y,. Inspection of the energy levels in Table | shows that
i the process®Fe;(1)+ Fs(1)— HigA3)+ MayA4) is
oweT — 6595,’22,61{7/2 resonant to within one wavenumber. The numbers in brack-
= 1 6Hgy 5F 112 ets designate the crystal-field levels of the respective multip-
61,112 let. Because *M,;), is separated by t_elght hlgh-energy
phonons from*G,,,,, multiphonon relaxation tdF, is not
®Hy3/ efficient. In order to explain the predominafi g, upcon-
version luminescence, a subsequent cross-relaxation step
o1 c \ 6Hysp 4M 515+ ®H 57— *F ot ®H1z, has to be included in the

pathway[see dashed arrows in Fig(a®]. Supporting evi-
dence for this cross relaxation was found in the luminescence

FIG. 7. Energy-level diagram of 3y with two possible ESA  Spectra directly excited intd'M,;,,, which show strong
mechanisms after excitation inf¥Fy), (8) and °Fs;, (b), respec-  *Fo, €mission and only very weafM,y;, emission. *Fg
tively. The cross-relaxation step preceding ESA is indicated withcan also be populated by an ETU process in which only the
dashed arrows, the multiphonon-relaxation step with a curly arrowenergy difference betweePFs, and ®H,5, is transferred

[Fig. 2(b)]. This process is nonresonant. It releases at least
within the accuracy of the Judd-Ofelt procedure, and we con187 cni *into the phonon system. The relative importance of
clude that the experimentai=105us is essentially radia- the processe&) and(b) in Fig. 2 cannot be evaluated on the
tive. basis of energy arguments alone. However, the analysis of
the time-dependent measurements presented in Sec. IVC
will allow a clear distinction: The mechanism(t will
turn out to be dominant.

The long lifetime ofF 5/, for CsCdBg:Dy*" is favorable The most striking features of the upconversion-excitation
for upconversion processes involving this multiplet after NIRspectra in Fig. 4 are the prominent hot lines at 12 164,
excitation. °F 5, excitation also leads t8F s, population by 12177, and 13 181 cnd. From their temperature depen-

a fast multiphonon relaxation across the small energy gagence they obviously correspond to a thermally activated
corresponding to 4.7 high-energy phonons. This is confirmegrocess. The 13 181-cmline corresponds to the energy dif-

by the fact that even at 10 K nfF 3, luminescences can be ference betweeriFs,(1) and *l13(5) and is therefore as-
induced by direct excitation into this multiplet. Thus signed to the ESA procesga) in Fig. 7. Despite the fact that
upconversion-luminescence spectra always look similar, inthe ESA step originates ifF5,(1) it is overall a thermally
dependent of which of the two multiplet§F <, or 6F,, is  activated process for the following reason. The energy dif-
originally pumped by the excitation source. ference between the excited-state absorption and the ground-

Basically, upconversion can occur by two different pro- state absorption stefH 15(1)—°F3(1) is 5ecm L. This is
cesses, radiatively by an excited-state absorptie®A) or  significantly larger than the homogeneous linewidth at 10 K,
nonradiatively by an energy-transfer upconversi@TU)  and thus the process is not resonant and not efficient. At 120
between two excited ion's?® A distinction of the two mecha- and 295 K the situation is completely different. Homoge-
nisms can often be made on the basis of energy argumentseous linewidths exceed 5 cthand the efficiency of the
Energy-transfer processes are most efficient when the exciESA upconversion process increases by at least two orders of
ing laser is resonant with a ground-state absorption. Thenagnitude; see Fig. 4.
energy-transfer step itself can then be phonon assisted. The The situation is more complicated and more interesting
efficiency of an ESA upconversion process is determined byor the very prominent 12 164- and 12 177-chexcitation
both the radiative ground-state and the excited-state absorpnes in Fig. 4. With their sharpness even at 295 K they show
tion step. We therefore often find efficient upconversionthe typical behavior of ESA excitations. Analysis of Table |
when the laser is resonant with the second step, i.e., the ESghows that the two lines match the energy differences
step. A clear distinction between ETU and ESA processes i§Fg(1)—*Fg/(4) and ®Fg(2)—*Fq(4), respectively.
possible by their different time evolution after an excitationIn assigning the two lines to these ESA transitions we have
pulse of a few ns widtR®?’ The radiative ESA process oc- the supporting Judd-Ofelt calculation which gives a high os-
curs within the pulse width leading to an immediate decay ofillator strength of 2.X 10 for the 8F 5;,—*F o, transition.
the upconversion-luminescence intensity after excitationBut how do we obtain®Fg, population in the first place?
whereas the nonradiative ETU process is characterized by afhe ground-state absorption st&f ;5,,— °Fs, must be fol-

(a) ®)

B. Upconversion mechanisms
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lowed by a very efficient cross-relaxation stefFs, 3
+5H 5, %F o+ ®Hy3, as shown by the dashed arrows in
Fig. 7(b). This process is energetically favorable, and it is
supported by the following important nonobservation. The
two lines at 12 164- and 12 177-crhare missing in an up-
conversion excitation spectrum using 10-ns pulse excitation,
whereas the other upconversion excitations can be performed
by pulsed or cw excitation. This is in excellent agreement W2
with our postulated upconversion mechanism at these two

energies, in which the ESA step is preceded by a nonradia- g
tive cross-relaxation step, which is slow compared to the ) . . .
excitation-pulse width. The latter cannot take place within FIG. 8. Schematic three-level system for the isolated ion-pair
the 10 ns of the laser pulse, and thus the sequence of step§'i‘§de| \_Nlt_h rate constants fqr the relevant processes. Radiative and
only possible if the pulse width is at least of the same Ord(:’,lnonra_dlatlve processes are indicated by full and broken arrows, re-
of magnitude as the time constant of the intermediate crosSPectvely:

relaxation step. This condition is obviously fulfilled in the

limit of cw excitation, where a steady-stat& 4, population ~ following temporal behavior of the populatidw; of state 3

is created. The 12 164- and 12 177-Cniines in the cw  after excitation of both ions into state®2:
upconversion-excitation spectrum increase in intensity with
increasing Dy concentration, in excellent agreement with a
concentration-dependent cross-relaxation step in the mecha-
nism.

W, W3

R e

Wy

T
|
|
I
|
\ ¥y

Na(t)=k(e™ (W Wt—e=Wat), (5

_ _ In this difference of two exponentials, the bigger exponent
C. Dynamics of upconversion determines the rise of the transient, whereas the smaller one
The observed rise in Fig. 6 of the upconversion-determines the decay. One time constant corresponds di-
luminescence transients after pulsd, excitation is a fin-  rectly to W; and the other one contains botMZ2 and the
gerprint for an ETU process. Energy transfer can occur byransfer-rate constaw, . For a determination oV, we re-
electric multipole or exchange interactions, which are botHjuire independent measurements or estimat&¥,cind\Ws,
strongly distance dependéfit?® Therefore in host lattices the decay-rate constants of the intermediate and final levels
with a statistical distribution of dopant ions a whole range ofin @ single ion, respectively. This is possible for
transfer-rate constants is usually contained in such transient&sCdBg:Dy*" as shown below.
thus complicating the analysis of experimental data. If triva- Of the two possible mechanisnig) and(b) in Fig. 2 the
lent rare-earth ions are doped in low concentration intgmnechanismib) will emerge as the correct one in the analysis.
CsCdBg, pair centers with a well-defined shortest ion-ion For this mechanism the levels 1, 2, and 3 of Fig. 8 can be
separation of abdws A are predominantly formeth. There-  assigned t®H 35, °Fs,, and“Fgy,, respectively. The fit of
fore, the energy transfer behavior should be dominated b¥q. (5) to the 10-K upconversion transient of the
the intradimer transfer processes as long as energy migratidssCdBE:0.2% Dy** crystal in Fig. 6a) is excellent. The
between the dimers can be neglected. This greatly simplifieiiset of the figure shows that the decay part is perfectly
the analysis, and the intradimer process should be repreingle exponential over three orders of magnitude. The rise
sented by a single transfer rate constht In the following ~ and decay times of 107 and 548, respectively, can now be
analysisw; will be determined. assigned toV; and 2V, + W, or vice versa. The lumines-
Buisson and Vial have analytically analyzed a dimer situ-cence lifetimes of°Fs, and *Fg;, at 10 K determined by
ation in terms of rate equatiof8 This procedure was then direct excitation are 1200 and 10Bs, respectively; see
applied to extract energy-transfer rate constants froniable Il. We can thus immediately assign tiee time of the
upconversion-luminescence transients of CsGdB?".2  upconversion transient to thedecay of “*Fg;,:Wj;
The situation is schematically represented for a three-levet 1/105us=9520 s. The decay part of the transient is then
system in Fig. 8. The following processes are included in thettributed to the decay of the intermediate level and the
model: Both ions of the dimer are initially excited to the energy-transfer process: W&+ W,=1/546us=1830 s L
intermediate state 2. State 3 is subsequently populated by dnsertingW,=1/1200us we obtain for the energy-transfer
energy-transfer step with a rate constait. State 3 will  rate constant,=165s*.
then decay to both states 2 and 1. Because the branching to The alternative mechaniskfa) in Fig. 2 would lead to a
state 2 does not lead to a situation from which state 3 can bigansient consisting of three exponential terms with indi-
repopulated by a further upconversion step within the isovidual prefactors, two of them describing the feeding of
lated ion pair, this branching is omitted in the analysis and*F;, and one describing the decay. This transient could not
Wj; represents the total relaxation of state 3. As both ions irbe fitted by Eq.(5). This alternative mechanism to populate
state 2 can decay individually to the ground state and as théF o, is therefore ruled out by the temporal behavior of the
excitation of the partner ion is lost for an upconversion pro-upconversion-luminescence intensity.
cess after one ion has decayed, the rate congfartas to be In CsCdBg:Er®* transfer-rate constants determined by a
multiplied by a factor of 2 in the rate equation. similar analysis have been reported for several upconversion
The system of linear differential equations resulting fromprocesse$.W, values range from 128 to 1942% Our W,
these assumptions can be solved analytically, leading to the 165 s ! for CsCdBg:0.2% Dy** is at the lower end of this
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range. The ET upconversion process is thus very inefficienpotential intermediate states are reduced by multiphonon re-
and just barely competitive with other radiative and nonradidaxation, thus reducing the probability of upconversion pro-
ative processes in our system. cesses.

The upconversion transient of the CsCgRf6 Dy** The present study demonstrates the feasibility of NIR to
crystal [Fig. 6(b)] shows some small but significant devia- VIS upconversion in Dy -doped CsCdBt Due to the
tions from the ideal behavior of the more diluted system.dimer structure of the DYy centers in diluted CsCdBra
Both the rise and the decay are somewhat faster and thgerfect match is obtained between the observed upconver-
decay is no longer purely single exponential. We attributesion transient after pulsed excitation and a very simple dimer
these deviations to the onset of energy migration, particularlynodel. The transfer-rate constam/,=165s?! for the
in the long-lived intermediate staftFs,. Evidence for en- energy-transfer upconversion step within the dimer is very
ergy migration at a doping level of 1% has been reported fosmall, and thus upconversion is not competitive with other
Cs;Lu,Brg:Er".28 It generally leads to a shortening of the deactivation processes, particularly at higher temperatures.
rise and decay times as observed here. Evidence for the onset Despite the fact that CsCdRDy®" is insensitive to mois-
of energy-transfer processes between dimers is also providedre, its potential as an upconversion material is small. The
by the observed enhancement in the concentrated crystal sftuation might change significantly, however, if two exciting
the ESA upconversion induced by the lines at 12 164 andasers could be tuned to the most efficient ground- and
12 177 cm?, which requires a cross-relaxation betweenexcited-state absorption steps. We are presently exploring
dimers. the use of two tunable laser sources.
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