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Near-infrared to visible upconversion in Er¥*-doped CsLu,Clg, Cs;Lu,Brg,
and Cs;Y,l4 excited at 1.54um
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A detailed study of upconversion processes iREEsXq (X=CI, Br, I) crystals and in the diluted systems
Cs;Lu,Clg:1% EP', Cslu,Brg:1% EPT, and CsY,lg:1% EP' is presented. Efficient two-, three-, and
four-step upconversion excitation along the sequetige,— *113/,—*1 o/p— *Ss/,— *Hygy, leading to lumines-
cence throughout the visible and near UV is demonstrated using auibéxcitation wavelength. This
stepwise excitation is possible due to the low phonon energies and, consequently, the significantly longer
lifetime of the 4, intermediate state in these systems relative to oxides and fluorides. The absorption and
upconversion luminescence intensities increase along the isostructuralXer@s Br, | as a result of the
decreasing energy of the electric-dipole allowdd3d transitions and, thus, their increasing influence on the
parity forbidden 4-4f transitions. The excitation mechanisms in the chloride systems are investigated by
time-resolved spectroscopy and the respective dynamics is studied by a rate-equation model. In the diluted
sample*l 4,—*S,), excited-state absorption plays a major role and occurs within 3'@fthe ground-state
absorption, whereas the dynamics in the concentrated system is dominated by energy-transfer upconversion
(ETU) in all excitation steps. Of the 35 most likely ETU processes, eight are found to contribute significantly
to the excitation mechanisms in the concentrated system. The excitation pathways leading to red luminescence
from 4F g, are also partly resolveS0163-18209)06725-9

[. INTRODUCTION the past mainly for practical reasons related to generating
laser radiation of adequate power and tunability in the
Near-infrared to visible upconversion is a common phe-1.54.um wavelength range. However, with the implementa-
nomenon in Et'-doped solids, and its many aspects havetion of optically amplified tunable diode lasers or nonlinear
been studied extensively in the past three dechdiegari-  optical laser systems this restriction is currently becoming
ous processes can lead to emission at wavelengths shoriess stringent.
than the excitation wavelength with energy-transfer upcon- Studies on upconversion using 1.p# excitation have
version(ETU) and excited-state absorptiéBSA) generally — concentrated on the &rdoped fluorides BaYg?
being the most efficient ones in the case of th&"Hon!=  BaY,Fg,>® YF;>" LiYF,%® cak,?% 1 grR,817
Excitation of the?l;,, or %I, excited-state multipletésee  CdF,,}"~*°fluoroindate glasé’~??and vitroceramic¥>?*as
Fig. 1) around 980 and 810 nm, respectively, is commonlywell as the oxides YAI:O;, (YAG),® YAIO,,?® and silica
used since, besides the availability of powerful Ti:sapphireglass®® Laser action was achieved in 1.54n pumped
and semiconductor lasers at these wavelengths, both stat€aF,, 8141 SrF,,® LiYF,,8191213BaY,F,, 6 and YAG (Ref.
are part of a series of energetically almost equally space8) on the *I;;,—*l 13, transition around 2.8«m and, in
multiplets. The sequenced ,5,—*11,—*F7, and #l,5,  some cases, on various other transitions originating from
—%g,—2Hg, have a spacing 0~10200 and~12200  “S,,, ?Hgp,, and 2Py, with wavelengths in the 1700-407
cm™ !, respectively, and allow for ETU and ESA processes tonm range. The?Ps,—*l 145, laser transition at 469.7 nm in
take place efficiently under one-color excitation due to theLiYF, is particularly remarkable since it involves the accu-
resonances involved. mulation of at least five*l ;5,, excitations to populate the
A sequence with similarly favorable resonance®lss,  2Pj initial state at~31 400 cm*.*22" This is an illustration
—4 1310 o1p— 4S5~ 2Hg, With a multiplet spacing of for complex upconversion dynamics being efficient enough
~6500 cm'?, i.e., involving excitation of the'l 13, excited  to sustain laser action given the existence of adequate reso-
state around 1.54m in the first step. Furthermore, tié;5,  nances and optimal radiative and nonradiative decay proper-
ground-state absorptiditSA) has an oscillator strength that ties of the involved intermediate states.
is about 2 and 12 times higher than ftir,,, and *l o/, GSA, One such key intermediate state‘is,, the state that is
respectively, permitting more efficient pump-light absorptionreached by the first upconversion step frdin,, (see Fig.
and potentially offering an alternative to YhEr*" codoped 1). Rapid multiphonon relaxation fronflg,—*l4,, is a
systems pumped at 980 nm. Although 16 upconversion property common to all fluorides and oxides, and the second
may efficiently populate excited states emitting in the visibleupconversion step, therefore, predominantly occurs from
and near UV region, it has received much less attention irfl;,,, by (i) another, nonresonant energy transfer from a
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My analysis show that after a firstis,, #1130 — (“l o2, #1150

*Fap ETU step, both ETU and ESA processes may subsequently

:stz populate the green emitting multiplets,;, and ?H,,in the

7 second step, a competition that is mainly a function of Er

szﬂ ion density. Further ETU fronf'S;;, to the violet-emitting

Sy 2Hg,, multiplet is, although being highly resonant and exhib-
iting high dipole strengths of the involved transitions, ineffi-

*Fopn cient at the available pump intensity due to the considerably
smaller population densities of tHéy, and 4S,, initial lev-

4 els of these upconversion processes. The intrinsic green up-

o2 conversion efficiency for 1.54m excitation in these mate-

L - rials that directly follow along the*l 5,—*113—%1gpn
—4S,,—2Hg;, multiplet sequence is at least 25% higher
than for fluorides and oxides.

4I13/2 A

Il. EXPERIMENT
1.5um 980nm | 810nm .
A. Sample preparation
B CsR,Xg (R=Er, Lu; X=ClI, Br) represent incongruently
Lisn melting phases of the binary halides )Csind RX.3%37
FIG. 1. Schematic energy-level diagram of Eup to 25000 SINCe EF _(0'881 A has an ionic radius comparable to*u
cm™ %, indicating possible upconversion steps under pump excita_(o-f_348 '&9{ it can be doped into QEU2§(89 by replacing sto-
tion at 1.5um (left-hand sidg 980 nm(centey, and 810 nn{right- ichiometric amounts of LX¥3 by ErX3.”” Dry RX; powders

hand sidg were prepared fronR,O5; (Rhone Poulenc, 99.999%ising
the NH,X method®® RX; and CX (Merck, suprapurwere
nearby ion in the *l,5, state to reach“Fy,, i.e., Sublimed in boron-nitride ampoules for additional purifica-

(“11/2, Y1130 — (*Foj2, *l 150, followed by red emission, or tion. Starting from CX, LuX3, and EX3, single crystals of
by (ii) the interaction of two nearby ions in tHé,,, state to  CSERXg and CsLu,Xq:1% EP* were grown in silica am-
reach*Fop, €., Cliyz 1119 — (*Fo, 151, followed by~ Poules by the Bridgman technique.

multiphonon relaxation and green emission frdi8s,.%° CsMylg (M=Er,Y) represent congruently melting
Thus, upconversion processes do not directly proceed alorighases of Csl ant13.** As in the case of L&, Er" sub-

the ~6500 cnmi'l spaced mu|tip|et Sequenc‘é 15/2_>4| 1312 stitutes for Y¥* (088 A) in CsY5lg:1% Ef* without chang-
—*g—*S3,—2Hg, in these compounds but rather branching the crystal structure of the compound. The preparation of
into various other channels after the first upconversion step=SErlo and CsY,lg:1% EP* started with the synthesis of
This is different in materials with low-energy optical pure CsY,lg and CsErle. Since the NEX method cannot
phonons, such as chlorides, bromides, and iodides, whefe used to prepare Br#**!the synthesis of GM,lg was
multiphonon relaxation ofl 4, is negligible?® Ohwakiet al. ~ performed using Csl,,) and the elementaM as starting
have studied powders of the ¥rdoped phosphors Bagl — materials. Stoichiometric amounts of GMerck, 99% purg
YCl3-PbCh-KCl, YBr,, and Yk under 1.52um excitation at 12 (Merck, 99.5% purg and M powders(Cerac, 99.99%
room temperature, and they attributed the strongly enhanceire were filled into silica ampoules and sealed off under
visible luminescence intensity relative to fluoride phosphorg/acuum. The ampoules were put in horizontal position in a
in part to low *l o, multiphonon relaxatio”R®*°However, no  furnace and heated to 200 °C for two days to allow for com-

detailed analysis of 1.5&m upconversion processes in low- plete reaction to Gdl,lg. The obtained GM,ly powders

energy phonon materials has been reported to date. were sublimed in silica ampoules in a final purification step.
In this paper we present a study of upconversion proSingle crystals of pure GBErlg and of CsY,lg:1% EF*
cesses in G&u,Cly1% EP", Cslu,Brg1% EFPT, were grown from pure GErlg and from a stoichiometric

Cs;Y,lg:1% EPT, and CsErXq (X=CI,Br, ) crystals ex- Mmixture of CsY,lg and CsErlq, respectively, sealed in
cited around 1.54:m. This family of compounds allows for Silica ampoules under vacuum by the Bridgman technique.
variation of both the E¥ ion density and the maximum  The high hygroscopicity of the starting materials as well
optical phonon frequency without substantially varying theas the final compounds themselves required synthesis, crystal
structure. In addition, frequency- and time-domain spectrosgrowth, and sample preparation to be carried out in a dry
copy in combination with the available extensive inert atmosphere.
energy-level'* and radiative-decdy data for these sys-
tems provides the basis for detailed experimental and theo-
retical insight into the dynamics of various upconversion
processes and their competition in these materials. All luminescence and lifetime measurements were carried
It is found that in addition to decreasing optical phononout on crystallographically unoriented {Ls,Xq:EF™ (X
frequencies along=Cl, Br, | also decreasing crystal-field =CI, Br) and CsY,lg:Er*" single crystals that were sealed
strengths contribute significantly to the suppressiorflgf,  in silica ampoules under dry helium gas to provide for suf-
multiphonon relaxation. Experimental results and numericaficient thermal contact and a moisture-free atmosphere. The

B. Spectroscopic measurements
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ampoules were contact-mounted in a cold-finger cryostata)

cooled by liquid nitrogen for the low-temperature measure- Hy Gy

ments. : b,
Continuous-wave(cw), frequency-tunable excitation for 1509, 'y, by P 'S P PR, | I

the 4l 15—l 155 transitions of E¥' in the near infrared was ;
provided by a low-powe(<1.5 mW) external-cavity tunable 1 a R
diode laser amplified by an optically isolated erbium-doped —
fiber amplifier(EDFA). The EDFA consisted of a 50-m long,
100-ppm Ef*-doped silica fiber into which the astigmati-
cally corrected diode-laser beam and the pump light from a
power-stabilized Ti:sapphire lasgf00 mW at 975 nmwere
coupled by means of a wavelength division multiplexing
coupler, providing for an overall system gain ofL5 dB at
1.54 um. The Gaussian output beam was passed through ¢ |
1.1-um long-pass interference filter and focused into the
sample where the pump intensity wad00 W cmi 2 for the ]

cw experiments. For the time-resolved upconversion- 0{ 1 L "t -

luminescence measurements, the 1.54-beam from the 5000 10000 15000 20000 25000 30000
EDFA was controlled by an acoustooptic modulator driven

by a rf frequency synthesizer and a square-wave generator. /

pulse width of 10Qus was used at a repetition rate of 15 Hz,
corresponding to a duty cycle of 0.15%, and the instrumental b)
time resolution was 2us. For CgLu,Xq:Er** (X=ClI, Br) 40
and CsY,lg:ErP" the excitation wavelengths were at T M Y Fon
1536.47, 1539.67, and 1539.77 nm, respectively, i.e., excita- y ’ b :
tion of the #1,540)—*1,34/0) crystal-field transition in ] l
each compound. 304 ¢

Sample luminescence was dispersed by a 1-m single
monochromator1200 lines/mm gratingand detected by a
cooled photomultiplier in combination with a photon- 20] L
counting system and a multichannel scaler for the cw and the= ]
time-resolved experiments, respectively. The luminescence “ Br 1 N
spectra were corrected for the wavelength-dependent sensi
tivity of the detection system that was determined by mea- 10+
suring a calibrated tungsten lamp.

Excited-state lifetimes were measured by direct short-
pulse excitation of the respective multiplet. Flir,3,, the od1 ~ Kk
laser described above was used, and the luminescence we t T T ' A
detected by a fast In-Ga-As detector in combination with a 5000 10000 13000 20000 25000 30000
digitizing oscilloscope.*lq;, and *Sy, were excited by a Energy [cm ]

E\IHdZ'YQE) I?)Z)e rR?’]li)rgg;(iir?(?L O|_::_Z) d;gc‘asg:naa: d S;oéz;zwf;erii_ FIG. 2. Unpolari_zed survey absorption spectra(a)szg,ITuzCIg

’ ; o ; (top), CsLu,Brg (middle), and CsgY,lg (bottom) doped with 1%
Sto_kes—shlfted (b Pyridin 1 dye laser, respectively, a_no! EF* and (b) of the pure compounds G&r,Cls (top), CSET,Br,
their luminescence was detected by a cooled photomultipliefmigdie), and CsEr,l (bottom. All spectra were recorded at 295

in combination with a multichannel scaler. K. Multiplet term symbols for all excited states observed in the
Absorption cross sections for the Judd-Ofelt calculationsange of 6000-30 000 ci are indicated in the spectra.

were obtained from room-temperature absorption measure-
ments. For this purpose, single crystals of the purdEGXy  doped with 1% EY* [Fig. 2(a)] and for the pure compounds
(X=Cl,Br, 1) and of 1% E?*-doped CgLu,Cly, CsLUBro,  CsEr,Cly (top), CSERBr, (middle), and CsErlo (bottom
and CsY 5lo, respectively, were sealed in epoxy resin. Plate§rig. 2(b)]. All observed excited-state multiplets are labeled
with parallel surfaces were cut with a diamond saw and polyjith the respective?S*1L; (4f!) term symbol. In pure
ished to optical quality using AD; powders of decreasing CsEr,X, (X=CI,Br,I) the transitions*l 5,—2H, and
size down to 0.3um suspended in dry paraffin oil. The 4 . _.4G,, . exceeded the instrumental absorbance limit
samples were subsequently mounted in copper cells witByen for samples as thin as 0.3 mm. Thus, neither relative
silica windows for the spectroscopic measurements. nor absolute absorption intensities of these can be compared
to other transitions. For all other transitions, respective oscil-
lator strengths of the 1% Et-doped and the pure compound
are identical to within 10—20 %. Thef44f transition inten-
Figure 2 presents unpolarized room-temperature surveyities clearly increase along CI-Br-I due to the decreasing
absorption spectra in the range of 6000—30000 trior  energy of the lowest-energyf45d transition along the ha-
CsiLu,Clg (top), CssLusBrg (middle), and CgY,lg (botton)  lide series. It is situated around 44 000, 40 000, and 30 000

1004

) I |

50+

€ [Imol! cm

Energy [ cm ]

1

mol! cm

Ill. SPECTROSCOPIC RESULTS
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for CsLu,Xq:1% EP' (X=CI, Br), CsY,lg:1% EF" and
CsErXq (X=CI,Br, 1), respectively, at 295 K in units of
photon flux. Excitation is around 1.54m with the laser
: | ; tuned in resonance with the respective crystal-field transition
JL“ 5 ; | from the lowest level of theé'l 15/, ground-state multiplet to
the lowest level of thé'l 15, first excited-state multiplet, i.e.,
#115:40)—*11340). Intense visible upconversion lumines-

cence is observed from all the samples. Inl@sXq:1%
Ert (X=CI, Br) and CgY,ly:1% EF" [see Fig. 8a)] emis-
sion from 4l 4, and Sg/,/2H 445 is dominant and is the result

of a one- and two-step upconversion processe Fig. 1,
respectively. Since the human eye is insensitive at‘ihg
Jb\ emission wavelengths, the luminescence from these samples

4 4 2
S3/2 F7/2 HQ/Z
' ' '
' ' '

Photon Flux

is a highly saturated bright green centered at 555 nm. The
I M o x 80 undiluted CgEr,Xg (X=ClI, Br, 1) sampleqFig. 3(b)] show

b)

4 4 4 2
Ly Sy Fip Hy,

Photon Flux

W — S — additional contributions fromtF g, in the red spectral region
12000 16000 20000 24000 which is being populated by cross-relaxation processes that
Energy [cm™] are suppressed in the diluted samples. Luminescence in the
blue spectral range is weak for all the samples. In particular,
the low emission rate fronfHg,, which can be populated
by a four-step upconversion procgsge Fig. 1, is striking.
: : : : The 2H,y, versus *Sy, luminescence-rate ratio decreases
I8y Fop ' 2Hy, ‘s with decreasing temperature from 0.451 and 0.408 at 295 K
ﬁ ’ I to 0.0542 and 0.0474 at 77 Kspectrum not shownfor X
al ; N : =Cl, Br, respectively, indicating a thermal equilibrium of
these two states. This is not the case for the iodide system
where the trend is even opposite with a ratio of 0.680 and
0.866 at 295 and 77 K, respectively, thus indicating a de-
creasing multiphonon-relaxation rate with decreasing tem-
Br N N " A perature.
Figures 4a) and 4b) show measured power dependences
(left-hand side of various upconversion-luminescence tran-
sirtéons to the*l 15, ground-state multiplet in GEu,Clg:1%
Er** and CsEr,Cly at 77 K, respectively. The initial slopes
I __,J‘\ j\ JU\ AR in Cs;Lu,Clg:1% EPT are close to 2 for the excitation of
P *lg2, 3 for #S;, and F g, and 4 for ?Hg,. However, in
12000 16000 20000 24000 Cs;Lu,Clg:1% EPT at higher pump powers and clearly in
Energy [cm™ ] CsEr,Clgy the slopes deviate significantly from these values.
i _ ) In C;Er,Clg the slope for the?H,, luminescence converges
FIG. 3. Unpolarized upco_nvers,lon-lumlnescence spectréaof to one at higher pump power, whereas the slopes of the other
CsLu;Cly (top), CsLu,Brg (middie), and CgY-lg (bottom doped , inescences are even smaller than one
with 1 % EFP" and (b) of the pure compounds GE&r,Cly (top), . ) 4
CsEr,Brg (middle), and CsEr,lg (bottom) at 295 K. The samples Table | presents decay-time constants of theyp, “lap,
SERETo =120 o P 4 - ltiplets in Glsu,Clg:1% EP* and
are excited by the respectivié;5(0)—*113{0) transition around and Sy, excited-state multip 2='9 )
1.54 um. The labeled transitions terminate on tflgs, ground- CsErCl .at _77 and 295 K as observed after direct, short-
state multiplet except for th&S,,— 1 15, transition around 11700 Pulse excitation of the respective states. These states are the
cm™L. The spectra are calibrated and the emission intensity is givellltermediate excited states for4 l.ﬁm-4pumpeg upconver-
in units of photon flux. Since the pumped volume is the same for alsion along the sequence”lj5,—"1 13— "1 97— "Sgp2
luminescences of each spectrum, the ordinate can also be inter>2Ho. Whereas thefl 5, lifetime is essentially the same
preted in terms of relative luminescence rates. for Cs;Lu,Clg:1% EPT and CsEr,Cly at both temperatures,
the *lg, and ?S;, lifetimes are strongly concentration
cm ! for the chloride, bromide, and iodide host lattice, re-quenched in Gg&r,Clg at room temperature. Data of the ra-
spectively. In Fig. 2 we observe the onset of tHe5H ab-  diative lifetimes obtained from the Judd-Ofelt calculation are
sorption above 27 000 cm for the iodide compounds. The also giver?®
influence of the 4-5d transitions on the #4f transition Upconversion transients for the two transitiorg,
intensities is not uniform over the entire spectral range—*l,5,, (826 nm and *S;,,—*1 15/, (555 nm) were measured
Rather, it is more pronounced fof 4nultiplets above 18000 at 77 and 295 K, again showing no significant temperature
cm L, which are more strongly enhanced in the iodide. dependence. Figuregd and §b) show transient measure-
Upconversion-luminescence spectra were measured at Fidents(left-hand sidgfor Cs,Lu,Cly: 1% ErP* and CsEr,Clg
and 295 K, and the main features were found to be largelyat 295 K, respectively. The laser-pulse energy incident on the
temperature independent. Figuréda)3and 3b) show spectra sample was as low as 750 nJ, explaining increased noise in
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FIG. 4. Power dependence of various luminescence transitions
to the 41,5, ground-state multiplet ifa) Cs;Lu,Clg:1% EF* and R MU
(b) CSEN,Clg excited by the'l ;540)—*1,54(0) transition at 1.536 0 10 20 30 40 500 10 20 30 40 30
um: experimental data at 77 Heft-hand sid¢ and numerical data Time [ms] Time [ms]
calculated from the rate-equation modeght-hand sidg The ini- . ) )
tial slopes, determined from the double logarithmic representation 4F|G' 5. UpCOﬂVEI‘SiOI’] Iur;mnescence transients of thg,
of the data, are indicated. — 152 (826 nM and "Sy— "l 15, (555 nm transitions of (&)
Cs;Lu,Clg:1% ErP" and (b) CsEr,Cly excited att=0ms by a
100-us square pulse on thl ;5,{0)—*l130) transition at 1.536
um: Experimental data at 295 Heft-hand sidé The inset shows
the rise characteristics of the respective transients. Numerical data

TABLE I. Decay times of selected excited-state multiplets in calculated from the rate-equation modeght-hand sidg
Cs;Lu,Clg:1% ErP* and CsEr,Clg at 77 and 295 K observed after

direct, short-pulse excitation of the respective states. The values . . 0
were obtained from least-squares fits of a single exponential and afg€ transients of the weakly absorbing 1% sanfplg. 5a)].

given in units of(ms). The last column gives radiative lifetimes FOr both samples, t_hél_glz transie_nt _exh_ibits arise and slow
calculated from the Judd-Ofelt model using the paramefess decay after the excitation pulse indicative of an ETU process

=8.61,0,=0.423,04=0.227 (10 2°cm 2) and a refractive index ~populating the*lq, multiplet. This is also the case for the

of n=1.82(Ref. 33. 4s,), transient in C§Er,Cly. The transients of both th8l o/,
and *S;,, luminescences are very similar in £s,Clg, with
CsLuClg1% EP"  CsEnClg a very fast rise and a relatively slow decay. The risélgf,

luminescence in the diluted sample is more than one order of

Muliplet 205K 77K 295K 77K Judd-Ofelt model magnitude slower. In contrast, théS,, transient in

B PP 12.3 13.1 144 15.7 9.2 Cs;Lu,Clg:1% EP' exhibits a very different behavior at
o 9.8 9.4 0.046 10.2 16.0 both temperatures. An instantaneous rise within the experi-
Sy 0.39 05 00054 0.8 2.1 mental time resolution and a subsequent fast decay is indica-

tive of an ESA process populating this level. This is followed
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TABLE II. Average *l4,— %11, €nergy gap for oxides and halides compiled from various literature
sources.hwnyay IS the highest optical phonon energy. Values for both, average energy gap and phonon
energies are given iicm™Y). p., is the minimum number of phonons required to bridge fhg,
—4111 gap. Kmp is the estimated multiphonon-relaxation rate constagy,is the estimated radiative rate
constant, and, is the sum of bothz, is the radiative quantum yield of tht o, level.

Oxide Fluoride Chloride Bromide lodide

Avg. gap 1894 2036 2117 2135 2138

h 0 max 600 355 260 172 144

Prmin 3.1 5.8 8.1 12.3 14.9

Kmp (571 1.25x<10° 3.18x<10' 8x10°° 2x10°® <1x10°8

Krag (571 200-1000

7q= Kraa/ Kot <8x10°* <3x10°2 ~1 ~1 ~1
by a slow decay with a decay time similar to that of the, As shown in Table Il, the highest optical phonon energy
transient. drops by 75% along the series O, F, Cl, Br, I. Both trends,

increasing energy gap and decreasing optical phonon energy,
IV. INFLUENCE OF OPTICAL PHONON ENERGY add up in terms of minimum number of phonopghat is

necessary to bridge th#l g/-*I 11, €energy gap. An estimate

of the radiative quantum yieldy, of the “1g12 level is ob-

tained from calculating the multiphonon-relaxation rate con-

stantk,, for the various materials using the parameters given

in Ref. 49 and comparing it to the estimated radiative relax-

ation rate constark.,q. The 74 values in Table Il indicate

that between fluoride and chloride the relative importance of
The upconversion efficiency using excitation of the er-multiphonon and radiative decay reverses. In the heavier ha-

bium ion at 1.54um along the multiplet sequencH ;,,  lides, the*lq, lifetime is significantly increased, leading to

—41 13— * oj— *S3/0—2Hg, depends critically on the stor- fundamentally different 1.5 upconversion dynamics in

age capacity of the intermediate excited states, i.e., on thehloride/bromide/iodide as compared to oxide/fluoride sys-

lifetimes of these levels. Radiative rate constantg-dftran-  tems.

sitions in erbium are similar for different host materials. The

rate constants for multiphonon relaxation, on the other hand, B. Thermal coupling of 2H 1;,, and #Sg,

vary by orders of magnitude with the optical phonon ener o : . .

of t)r/1e yhost material.ql'his is a result 01? the epxponential d%)f Excitation reaching’Hiy, is expected to relax predomi-

pendence of the multiphonon-relaxation rate constant on thgznﬂt{) 4bé3mwﬂimogozaﬁglzxst'znld;i dt04 tgehisw:;lt_ggz:gy
number of phonons emitted in the relaxation to the nex P 8/2 q o 0 Mg 9y
lower-lying level. phonons in Cl, Br, and I, respective(gee Fig. 1 However,

) 7 S . .

The intermediate excited state that is most affected by'® Hll’é_t’ ‘!15/2 trillnsnuzn has' a £|gh dosczljllattgr str?ngth
multiphonon decay in the above sequencélis, because of gggnnpiqrf h Oﬂ%%?(;rewge Sciem I(gt.i tivear']l'hera l';;r':;ﬁ relax-
its smallest energy gap to the next lower-lying leve],/,. gnt, ' P ’ q y

In this section, we investigate the influence of the optical
phonon energy along the series O, F, Cl, Br, | on fig,
lifetime and on the thermal coupling of th&H;,,/*S;)
states.

A. *l 4, energy gap trend

The energy gap relevant for multiphonon decay is the energy 8

difference between the lowest crystal-field level“®§,, and E (T,

the highest crystal-field level dofl ;;,,. From various litera- lop, (T) S 0

ture sources this energy gap for differenfEdoped host r(m= x— (1)
materials is found to be YA&1880cm % ls,,(T)

> (M,

YSGG=1917cm™;**  YSAG=1885cm%**  LaF, “

=2024 cm ;* YLF=2049 cm %4 Cs,NaYClg

=2089 cn ;46 Cs;Lu,Clg=2115 cm %3¢ LaCl; is a measure for théHy,, vs *Sy;, luminescence intensity
=2148cm%*  CsCdBg=2138cm:*®  Cslu,Bry ratio as a function of temperature. For the combined eight
=2133 cm ;32 Cs;Y,lg=2138 cn 1.3 This yields average Kramers degenerate crystal-field levels’&, and ?H ;5 in

4 ¢-%111/2 €NErgY gaps for the different classes of host mathermal equilibrium, the relative level populations are given
terials of: oxide=1894 cm'*; fluoride=2036 cmi’*; chloride by the Boltzmann factors; (T), and luminescence rates are
=2117cm®;  bromide=2135cmY; iodide=2138cni, subsequently obtained by multiplication af (T) by the
i.e., an increase of 13% from oxide to iodide. Since the de¥espective oscillator strengths for the transitions to the
creasing orbital angular momentum with increasing covaeight Kramers degenerate crystal-field levels of thes,
lency from oxide to iodide reduces rather than increases thground-state multipletf; values have been estimated in Ref.
4142 %111)2 barycenter energy splitting, the observed trend is50 for an oxide system and we assume these values to be
the result of decreasing crystal-field splittings of both mul-representative for our three systems. For Cl, Br, and |
tiplets due to a decreasing crystal-field strength along O, Fuminescence-rate ratios of @0 ¢, 9.6x10°5 and 1.8

Cl, Br, I. X105, are calculated from Eq1) for thermal equilibrium
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8="Hy, v T =135 ps tion and relaxation mechanisms in £8,Clg:1% EF" and
7=:F3/z ETU; CsEr,Cly. The spatially resolved rates of the investigated
4F5/2 T =580us processes and population densities of the states indicated in
6=2F7/2 — T =790 ps Fig. 6 were derived for cw and pulsed excitation and for the
5= Hp e two dopant concentrations.
S, T =390 ps
4=4F A. Computer model
912 T =171 ps
ESA ETU; As explained in detail in the Appendixes, we considered
3=, . —osms the ground state and e_ight gxcited statégy. 6), pump
ETU, - power and pump configuration, GSA and ground-state
2=%1,, ETU, T 1 ms bleaching, ESA, all lifetimes and branching ratios, 35 ETU
ETU processes, and the _crystal data in the _rate-equation c_aI(_:uIa-
1 tion. Throughout this paper, when using the abbreviation
=%, . T=123ms “ETU,” we imply both directions of an ETU process,
namely upconversion and its inverse process, cross relax-
ation. The *S;;, and ?H,,,, multiplets as well as théF,
GSA ETU, ETU, and *F 3, multiplets were treated as combined levels in ther-
mal equilibrium. Parameters were evaluated and calculations
o=t A v b { N J were performed for room temperature. The modeling of the

ETU processes is described in Appendix A and the system

FIG. 6. Schematic energy-level diagram of Eup to 25000 parameters and rate equations are presented in Appendix B.
cm™?, indicating GSA into*l 3, and ESA from®l o, at 1.54um as For the 100% sample, all relevant parameters could be
well as important ETU processes for £8,Cly:1% EF* and  fixed and the calculation was performed without any fit pa-
CsEr,Clg. The ETU processes are shown in the direction of upcontameter. For the 1% sample, on the other hand, there re-
version. If two pathways are possible, the pathway with the highemained an uncertainty in two important parameters. First, the
oscillator strengths is shown. The lifetimes of tHgs,, *lg,, and ETU transfer parametel®, of Eq. (A6) of Appendix A had
*Sy, levels are values measured for;0s,Cly: 1% EP*. The other  to be adjusted for the 1% &r concentration by using the
values are the inverse radiative emission rates obtained from geasured concentration dependence of a single ETU param-
Judd-Ofelt calculation for the same host. eter in LiYF,:Er** (cf. Appendix A. Second, the ESA cross

section which is relevant for the dynamics in the 1% sample
at 77 K, respectively. These values are significantly smalle(see later in Sec. Vlremained unknown and was used as a
than the experimentally observed luminescence-rate ratios lyee fit parameter to reproduce the measured transient of the
factors of 7.7 10°, 4.9x10°, and 4.8<10%, for these three 4S,, luminescence in Gku,Clg: 1% EP* [Fig. 5a)].
systems, respectively, providing clear indication for the two
multiplets not being in thermal equilibrium at 77 K. This is ) _
particularly pronounced for the iodide which requires the ~ B- Comparison of experimental and calculated results
most phonons for bridging théH;,-*S, energy gap. At The measured relative rates of the upconversion lumines-
room temperature, equilibrium luminescence-rate ratios ofences from*lg,, *Fo;, %Ssp, and 2Hgj, to the ground
0.29, 0.32, and 0.37 are expected from Eq, and they are  state(Fig. 3) and the corresponding calculated luminescence
only ~30-80 % higher than the experimentally observed rarates as derived from the solution of the rate equations of
tios of 0.45, 0.41, and 0.68 for Cl, Br, andftom Fig. 3a],  Appendix B (Table Ill) are compared in Table IV. The
respectively. Given the crude assumption for thealues in  agreement is reasonable, but not overwhelming. For both the
evaluating Eq.(1), this apparent deviation from thermal 100% and the 1% samples the weak transitions are clearly
equilibrium is not substantial. Therefore, assuming a thermalentified by the calculation. This is also true for the stron-
equilibrium for the Sy, and ?H 4, multiplets and treating  gest #l ¢;,— 21,55, transition in the 1% sample. In the 100%
them as one level in our model calculations at room temperasystem, however, the luminescence rate of this important
ture for the chloride systersee Fig. 6, Sec. V, and Appen- transition is underestimated by an order of magnitude rela-
dixes A and B is justified. In this case, ESA and ETU pro- tive to the luminescence rate of tH&;,—“l 5, transition.
cesses that populatéH,;;, will, therefore, simultaneously We ascribe this to the uncertainties in the ETU parameters
populate*S,,,, and luminescence from both multiplets will Wyc and Weg (Table VI of Appendix A, which can be
exhibit identical transient behavior. approximated to within an order of magnitude.

Figure 4 compares the measured and calculated power
dependence of upconversion-luminescence transitions from
the *lg;p, *Fgpn, *Sgp, and ?Hg, to the 4145/, ground-state

It is our goal to understand the relative raegy. 3), the  multiplet in CsLu,Clg:1% ErP* [Fig. 4@] and CsEr,Clq
power dependencéig. 4), and the transient behavidfFig.  [Fig. 4b)]. For both CsLu,Cls:1% EP" and CsEr,Clg the
5) of upconversion luminescence in the chloride system an@greement is excellent. Only the power dependence of the
to identify the excitation and relaxation processes which aré'F, luminescence is overestimated in the calculation.
most important under 1.54m pumping. In order to reach Figure 5 compares measured and calculated upconversion
this goal, we solved the rate equations describing the excitaransients of the two transitiond g,,—*1 15, (826 nm and

V. RATE-EQUATION SOLUTIONS
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TABLE lll. Calculated ratesR of the important processes at 1% and 100% dopant concentration for the
highest available pump power of 20 mW within the first 2% of the crystal le(fgst longitudinal element
of the spatial resolution; cf. Appendix)BAIll parameters used in the calculation are given in Appendix
B. ETU parameters are given in Table VI of Appendix A. The ETU rates are calculated frof\BEqg.A
negative ETU rate indicates an ETU process being stronger in the cross-relaxation direction. The values in

brackets are the rates in the upconversion direction. Eifbund-state luminescence.

R (1%) R (100%9

Process Relaxation Excitation (102mds) (1079mds)

GSA 4| 15/2—’4| 13/2 29310 3076

ESA HNop—2Hip 23.7 3.9
ETU, 1371512 Mz g (65.0 64.9 (1604 2.0

ETU, 3= 152 *lop—"Hu1p (1.2 1.2 (3650 185.0

ETU, 4S50 137—2Hgp  (6.0x10°9) 6.0x10°% (189.3  118.1

ETU, o= 1512 HNop—2Hgp  (1.4x1079) 1.3x10°%  (472.2 -—114.8

ETUs 11— 132 Fop—2Hyp (2.8x107Y) —-1.3x10°3 (249 —148

ETUs 11— 15 HNoo—Fgn  (2.5xX10°%) 2.5x10°° (14.5 13.8

ETU, 11— 15 Nop—Fan  (2.5X107°) 2.5x10°6 (14.8 13.2

ETUg AF o= 1572 13— %Fsp  (1.6X1078) —1.5x1078 (7)) -32.0
LUM, 13— 4152 29200 459
LUM, 11— 41 1.4 4.4
LUM, o=l 152 31.8 5.9
LUM, 4F g 15 1.4x10°3 38.5
LUMs  2Hq10/%S30—* 1512 16.7 335
LUMg AF 21— 1500 1.6x10°° 3.2x10 2
LUM 7 4F3/2/4F5/2—74| 15/2 ZOX 1076 23>< 1072
LUMg 2Hg,—*1 15/ 3.8x1074 9.4x 1072

4S5— 115 (555 nm for Cs;Lu,Clg:1% ErP* [Fig. 5@)] @ long tail extending out to 40 ms. It is remarkable that the
and CsEr,Clg [Fig. 5(b)]. The pronounced difference in the Model reproduces the essential features of this behavior.
measured transients for £81,Cly: 1% EP* and CsErClgis ~ Quantitatively, the agreement is not perfect; the long-lived
well reproduced in the calculation. The results for the 10090mponent has a larger relative intensity and shorter lifetime
sample show a slightly faster decay of both luminescencén the calculation compared to the measurement. This devia-
intensities in the calculation compared to the measuremention is explained partly by the uncertainty in the ESA cross
The behavior of the transients relative to each other, howsection and the transfer paramet&¥s for the 1% sample
ever, is very well reproduced. THtS;, transient of the 1% which determine the relative height of the two peaks in the
sample has a very peculiar shape, with a very sharp spike arf$s,, transient(see later in Sec. VI
Altogether, the solutions of the rate equations provide re-

TABLE IV. Comparison of the experimental ground-state lumi- sults which reproduce the measured behavior of upconver-
nescence rates for @s1,Clg:1% EF* and CsEr,Clg derived from  sjon luminescence in the chloride system with good agree-
Fig. 3 with the corresponding calculated rates from Table llI, bothment_ We are, therefore, confident that our model, despite its
relative to the respective values 685,. The calculated rates are a550yimate nature, accounts for the dominant excitation and
those within the flr_st 2% of_thg crystal Ien_g(hrst_ Ior!gltudlnal relaxation processes in our system.
element of the spatial resolution; cf. Appendix BVeighting of the In addition to the direct comparison of the experimental
calculated rates from all five longitudinal elements1-5 leads to .

and calculated results in §31,Cly:1% EF* and CsEr,Cl,

similar results, because in §5,Cly luminescence from the first ]

tion is weak and, therefore, relatively homogeneous in longitudinappendix A with ETU parameters reported for other host

direction. materials. Recently, reliable data of upconversion frim,
(ETU, of Table VI of Appendix A and “l;,, (ETU;; of
Initial CsLu,Clg:1% EP* CsErClg Table VI of Appendix A have been repo_rte(l:i for LiyFand
multiplet Wavelength  Expt. Calc. Expt.  Calc. YSGG as a function of Bf concentration® The dopant
concentration of Ny=45.25x10?°cm 2 corresponds to
o ~820 nm 2.71 1.9 201 018  100% EP' in Cs;Lu,Clg, 33% EP* in LiYF,, and 36% Et*
*Fop ~650 nm 0.02 &10°° 1.89 1.15 in YSGG, and we compare the upconversion parameters for
4., ~550 nm 1.00 1.00 1.00 1.00 these concentrations. The parameter for upconversion from
2Hg ~420nm X103 2x10°5 006 3x10°  “l132(ETUy) in our systemWc=0.5x10"*m*s™* (Table

VI of Appendix A), is smaller than the values of 1.3



170 LUTHI, POLLNAU, GUDEL, AND HEHLEN PRB 60

TABLE V. Calculated steady-state population densitiestransfer parameter#/; on dopant concentratiofAppendix
N (m~3) of the multiplets along the main excitation sequenceA) and, consequently, the increasing influence of ETiU
152 132~ 97— *Sg2~?Hagpp At 1% and 100% dopant con- the 100% sample.
centration for the highest available pump power of 20 MW cw  The ETU processes which are found to be most important
within the f_irst 2% of the crystal Iengt(ﬁrst longitudinal element  t5; the excitation mechanisms are displayed in Fig. 6. For
of the spatial resolution; cf. Appendix)B each process which has two possible pathways only the
stronger pathway is shown. The arrows indicate the direction

Multiplet N (%) N (100% of upconversion, the reverse process is a cross relaxation.
Dopant conc. 451075 4.5x 1027 Whether an ETU rate is stronger in upconversion or cross-
4 15 4.2% 1025 4.5x 1027 relaxat_ion direction depends on the interplay of all .relevant
4 3.6% 102 5.6% 102 excitation and decay processes and may change with dopant
Yoo 4.0% 102 7 Bx 1074 concentr_athn a_nd pump power. _ _
45, 12H 11/ 9.7% 1019 1.9x 107 The dls_trlbutlon of _the popglatl_on de_znsny among the dlf
2Hgy, 9.9x 10 2 Bx 1072 ferent excited levels, in combination with the lack of signifi-

cant ground-state bleachiri@able V), clearly favors cross-
relaxation processes which involve the ground state as well
oo 3 g i s Cop 3 q as ETU processes which involve thé, 5, reservoir as one
xX10 ms, " LiYF 4:EF cand 2.X10°°°ms " in of their two initial states. The calculated ETU rates and the
YSG_G:E'?’ = For upconversion frgrrf‘ll up (ETU), we  knowledge of the individual rates of upconversion and cross
obtain a value ofVyc=1.2X10"**m>s™" (Table VI of Ap-  g|axation for each procesdable Ill) show that the four
pendix A whic_:h i_s also smaller than the _values of12.1 most relevant ETU processes are ETETU,, ETUs, and
X10 % m®s™tin LiYF, and 1.4 10" #ms™tin YSGG™  ETy, These four processes are—in one direction—cross-

For both ETU processes, however, the parameter range {g|axation processes which involve tfé;s, ground state,
within one order of magnitude when comparing the differentyng three of these four processes are—in the other

host materials. direction—upconversion processes that invofirg,, as an
initial state. They involve only states along the sequence
15— 13/ M 9jp— *S3;—?Hg», Which demonstrates the
efficiency of this excitation sequence under 1/&6%-pump-
In this section, we present a detailed analysis of the intering in a chloride.
play of the relevant excitation and decay processes, investi- The processes ETLETU, compete with each other in
gate the population densities of the involved multiplets, andpopulating and depleting th#l 13,5, *1g/, Sz, and 2Hgy,
explain the relative rate¢Fig. 3), the power dependence levels. In the 1% sample, the population densities of these
(Fig. 4), and the transient behavi@Fig. 5 of upconversion levels decrease by several orders of magnitude with each
luminescence in the chloride system. excitation step up tdHg, (Table V), leading to higher rates
in the direction of upconversion for all four processes
) o ETU;-ETU,. This can be seen in Table IlI: the effective
A. Mechanisms for cw excitation ETU rates calculated from E4A7) of Appendix A are al-
The first excitation step is a GSA at 1.54n and leads to Most equal to their upconversion rates, because these are
excitation of the*l 15/, level. This state is long lived and acts much higher than the corresponding cross-relaxation rates. In
as an excitation reservoiicf. the population densities of the 100% sample, on the other hand, the much higher

Table V) for subsequent upconversion steps which may tak€xcited-state population densities up 4, result in high
place by either ESA or ETU. rates for the processes EJHTU, also in the direction of

Under the pump conditions of our experiment, the steadycross relaxation. This leads to effective ETU rates which are
state population densities of the different excited states diffepmall compared to the corresponding rates in upconversion
by orders of magnitude. Along the sequentigs,—*lg,  direction or are even negative if the cross-relaxation rate is
—%S,,,—2Hyg, the population density within the first 2% of higher than the upconversion raeTU, in Table I1I).
the crystal length(first longitudinal element of the spatial
resolution of the calculation; cf. Appendix)Blecreases by
approximately one order of magnitude with each excitation
step in the 100% sampi@able V). In the 1% sample, the The relative ground-state luminescence rates frtig),
decrease is approximately two to three orders of magnitudend 4s,,, around 820 and 550 nm, respectively, are compa-
in each step, which is due to the decrease in the ETU transféable for both dopant concentratioffsig. 3 and Table 1V,
parameterdV, by three orders of magnitude from the 100% despite the fact that excitation 86, requires three absorp-
to the 1% sampléAppendix A). tion steps compared to a two-step absorption4ay,. For

The ESA transitiorfl ;—2H 4> (Fig. 6) may be relevant 1% dopant concentration, ESHg,—2H 5, is an important
for the excitation mechanisms because of its spectral overlaprocess, whereas in the 100% sample the process,ETU
with GSA (Appendix B. Comparison of the rates of ESA (%1132, *l91) — (*l 152, 2H11s) IS strong, see the large param-
and its competing upconversion process BT 13/, %l o) etersoesa (Appendix B and Wy¢ (Table VI of Appendix
— (%1152, 2H115) in Table 1l shows that ESA is an impor- A), respectively. Both processes deplétg, and populate
tant process in the 1% sample but negligible in the 100%'S;,/?H 4, Which leads to a relatively high population den-
sample. The reason is the strong dependence of the ET&lty for the latter state. In addition, radiative decay from

VI. EXCITATION AND RELAXATION MECHANISMS

B. Upconversion luminescence rates
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4s,, has a large rate constant and is a significant decaill), luminescence is still the dominating decay mechanism,
mechanism for*S;,, whereas the smaller radiative decay although upconversion is not negligible anymore at higher
constant from?l o/, leads to a competition of radiative decay pump power: LUM>ETU;; LUM3>ESA, ETU, ETU,;
with ESA or ETU, (Tables | and II). LUMg>ETU,.

For both dopant concentrations, the ground-state lumines- The slopes of the luminescence intensities versus pump
cence rate around 420 nm frofilg, (Fig. 3 and Table IY  power in the 1% sample at low pump power, therefore, rep-
is small compared to the luminescence rate froig, and  resent the number of excitation steps required for the popu-
4S,,. In the 1% sample, this is due to the upconversionlation of the corresponding levels. The initial slopes mea-
processes ETY (*Syp, “l1g) — (*l1s2, 2Hop) and ETY,  sured in Cglu,Cly:1% EP' [indicated in Fig. 4a)] suggest
(g2, Yl oi2)— (*11512, 2Hop») having small rates compared to a two-step upconversion process for the populatiofiigh,
ETU,;, ETU,, and ESA(Table IIl). The reason is the rapidly a three-step process fdS;,, and a four-step process for
decreasing population density along the sequefitg, “Hgp. This is expected for the excitation sequerfigs,

— 4 g;p—4S3—2Hgpp. —4 13— N gjp—*S3,—2Hgp, and is clearly reproduced by
In the 100% sample, théH,, luminescence rate in- the calculated power dependence.
creases but is still significantly smaller than thky,, and The measured slope fdF o, in the 1% sample is slightly

4s,,, luminescence. In this case, the reason is neither a smdtrger than for*S;, but smaller than foHg,. The calcu-
upconversion parameter of ETWcf. the values ofV for  lation suggests a four-step excitation ), along the se-
ETU, 5 in Table VI of Appendix A, nor is the decrease in quence?l1s;— 4113~ 4 gjo—2H11/7—*F gj2, With the fourth
population density along the sequentigs,—4lgp—2Sy,  Step being a cross-relaxation processH i, *l 13
—2Hg, very pronounced in the 100% sample. It is the —(*l 11, *Fg») which requires the absorption of a fourth
highly — competitive  process ETU (%lgp,%lgs)  Pump photon intd*l13,. Consequently, the calculated slope
—(*352,2Hg) Which is now stronger in the cross- is close to 4 and similar to that dHg, luminescence. The
relaxation direction and, thus, depletédy, and quenches discrepancy between experiment and calculation may be due
luminescence from this staigompare the rates of ERJ to additional excitation of*Fg;, by upconversion from
ETU,, and LUM; for the 100% sample in Table )i lower-lying levels. A possible process is'l(s,%11/)

The rates of the other four ETU processes of Fig. 6~ (*l1s2,*Fg) which is not included in our rate equations
ETUs-ETUg, are smaller(Table Ill). They are not relevant due to its large energy mismatch of four highest-energy
for the excitation along the sequenéé;s,—*l,3,—%g,  Phonons. A linear relaxation stefH ;1/,/*Sz,—*Fgy, is un-
—4S,,,—2H,, but they are of importance for the population likely, because the radiative branching ratftd /%S,
of the other excited levels. Specifically, the processes £TU—*Fgy, is less than 0.1%Table VIl of Appendix B and
(“l112, *F o) — (%130, 2Hyy) and ETY  (*Fgp, 113,  Multiphonon relaxation is extremely inefficient in the chlo-
— (%152, “F5p) have higher rates in the cross-relaxation di-ride system with the large energy géBs,-*Fo,.
rection and lead to the population &F, for both concen- A completely different situation obtains if nonlinear up-
trations. However, there is a striking difference in the rates ofonversion rates dominate over linear decay rates for the
these processes of at least four orders of magnitude betweégpletion of the intermediate states. The slope in the power
the 1% and 100% sampléSable 11I). This explains the ex- dependence of luminescence from the highest-lying state is
perimental finding that the ground-state luminescence aroun@xpected to converge to one, whereas the slopes of the inter-
650 nm from*F g, is practically absent in the 1% sample but mediate excited states will even be smaller than Biiethe
increases significantly in the 100% samfé Figs. 3a) and  relevant upconversion processes are ETU rather than ESA
3(b)], an effect which is reproduced in the calculatiqgos  processes and the linear decay occurs predominantly via
the rates of LUM in Table IlI). ground-state luminescence, the slopes of luminescence from

intermediate excited states are expected to converge 5 0.5.
) ) These conditions are approximately fulfilled inJEsClg
C. Power dependence of upconversion luminescence at high pump powerTable Ill): The main ETU processes

If an upper excited state is mainly populated by a domi-ETU;_, have higher rates than the luminescent processes
nant upconversion process from an intermediate state, theUM, s, ETU, is stronger than ESA, and the dominant lin-
slope of the luminescence rate from the upper state versugar decay is ground-state luminescerické the branching
pump power depends on the competition of linear decay ratgatios in Table VII of Appendix B. Measured and calculated
with upconversion rate for the depletion of the intermediategraphs for CsErClg [Fig. 4(b)] show that the slope for the
state®? If the upconversion rates are negligible compared to’Hg, luminescence intensity converges to one at higher
the linear decay rates from the corresponding intermediatpump power, whereas the slopes of the luminescence inten-
states for several successive upconversion steps, the mrdesities from intermediate excited states become equal to each
of the excitation process, i.e., the number of photang-  other at high pump power and slowly converge to a slope of
quired for the excitation of the corresponding emitting level,0.5, in excellent agreement between experiment and calcula-
can be extracted directly from the slope of the luminescencéon.
intensity versus pump power in double-logarithmic The pronounced differences in the observed power depen-
representation? dences between @su,Cly:1% EFP™ and CsEr,Clg and the

The condition that upconversion rates are negligible comsurprisingly small slopes in the latter can, thus, be quantita-
pared to the linear decay rates of the intermediate states iwvely reproduced by our model. At low dopant concentra-
approximately fulfiled for the 1% sample at low pump tion, the linear decay of the intermediate state is much faster
power. Even at the highest pump power of 20 niWable than the nonlinear upconversion process which feeds the up-
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per state. At high dopant concentration, the hierarchy is reluminescence in the 100% and 1% samples, respectively,
versed, leading to much weaker power dependences. compared to the*l 5, luminescence. The reason is that the
short pump-pulse duration of 1Q&s cannot efficiently popu-
late the*l 5, state with its long lifetime of 12.3 ms. Conse-
quently, the steady-state population densities of Table V are

The *lg, and #S, transients in C4Er,Clg [Fig. 5(b)] are  not reached, and ETU as well as ESA are much less efficient
very similar. The luminescence intensities increase sharplyhan for cw excitation. This also explains increased noise in
during the pump-pulse duration of 1@, and after reaching the measuredS,,, luminescence curve.
a peak at 30Qus they decay almost exponentially. If a short-
lived excited state is mainly populated by one dominant up-
conversion process from a longer-lived intermediate state,
the rise time of the upconversion transient corresponds to the We have studied upconversion luminescence in
lifetime of the upper state and the decay part of the transients,l u,Clg: 1% ErP*, CsLu,Brg:1% EFT, and CsY,lg:1%
to the lifetime of the intermediate Sté.%ThlS condition is Er3+ as well as in the concentrated SyStem%EB?(g (X
nearly fulfiled for the processes ETU(*I135, “139  =ClI, Br, 1) for pulsed and cw laser excitation at 1 &#h. By
— (M52, 1o) @nd ETY (*l1g2, “lg) = (11512, °H11) in maintaining the crystal structure and varying the chemical
CsErCly; see Fig. 6. The short rise time of tHitg, and  environment of EY along the halide series we can study the
Sy, transients reflects the lifetime quenching of these stategffect of this chemical coordinate on the physical behavior.
by cross relaxation at high dopant concentration and higitoncentration is another very important variable in this
temperaturéTable ). The following 1& decay times of the study. It turns out that the @su,Cls:1% EP" and
*lg, and *Sy, transients of 7 and 5 ms, respectively, areCs,Er,Cly samples have distinctly different excited-state dy-
only slightly smaller than the decay times of the correspondnamics. It is an excellent test of the model that these experi-
ing feeding state$l 5, (intrinsic lifetime 12.3 msand*lg,  mental trends can be reproduced. The measurement of rela-
(the 1k decay time of 7 ms mentioned abgve tive upconversion intensities under cw excitation, power

The “lg, transient in Cglu,Cly:1% EP* [Fig. 5@]  dependences as well as excitation transients provides a broad
shows a slow rise and a peak after 8 ms which reflects thexperimental basis for a very comprehensive study of upcon-
unguenched'lgy, lifetime of 9.8 ms at low dopant concen- version processes in this series of compounds.
tration (Table ). This is followed by a decay with a &/ The variation of the chemical structure showed that de-
decay time of 10 ms, again indicative of the process ETU creasing optical phonon frequencies for chloride, bromide,
(Y1372, Y139 — (Y 1572, Y gr) populating thely, multiplet  and iodide, as well as decreasing crystal-field strengths con-
from the 4l 3/, reservoir. tribute significantly to the suppression 8fy, multiphonon

The %Sy, transient in CsLu,Cly: 1% EP* [Fig. 5@] ex-  relaxation, resulting in lond|g, lifetimes compared to ox-
hibits a very different behavior. A sharp rise with a durationides and fluorides. Efficient two-, three-, and four-step up-
of the pump pulse of 10(s and a subsequent fast decay conversion excitation is, therefore, possible along the se-
with a 1k decay time of 43Qus which is similar to the!S;;,  quence *l 15— * 13—l 90— *Sa—?Hgpp, in  distinct
lifetime of 390 us (Table | reflect the ESA procesélg,  contrast to the behavior usually found for oxides and fluo-
—2H,,, which populates®S,,/?H,y,, during the pump rides for these pump conditions.
pulse. This is followed by a slow decay with a decay time The large set of data obtained from the spectroscopic
similar to that of the*lq, transient which shows the influ- measurements for both dopant concentrations in the chloride
ence of ETY (*113/2, *lor) — (#1152, 2H11/). The fact that  system has provided enough information for the calculation
the calculated curve shows a second peak which is absent of the complex excitation and depletion mechanisms in a
the measured curve is at least partly explained by the uncerate-equation model. Without any fit parameter for the cal-
tainty in the ESA cross section and the transfer parametersulation of the CsEr,Cly data and only one fit parameter
W, for the 1% sample which determine the relative rates ofused for CsLu,Cly:1% EP*, the results of the intensity,
ESA and ETY and, therefore, the relative height of the two power-dependence, and transient measurements are repro-
peaks in the*S;, transient. duced by the calculation with good qualitative and quantita-

Concerning the relative influence of ESA and EJttvo  tive agreement, thus enabling the identification of the pro-
aspects are important. On the one hand, the height of theesses which underly the measured behavior.
peak during the pump pulse compared to that of the long- Time-resolved spectroscopy and numerical investigations
lived tail shows that the ESA rate is higher than the rate ohow that, after GSA'l 15,—*l 35, the upconversion steps
ETU,, in agreement with the results obtained for cw excita-*l 13, *l o/, and 4S;;,—2Hg, occur by ETU. ESA and
tion (cf. the rates of ESA and ETLin Table lll). On the ETU are in competition for the'l g,—*S;,/?H;4,, upcon-
other hand, the time integrals of the two parts show that the@ersion step because of the good spectral overlap of ESA and
contribution of ETY to the overall*S;,/?H;,, population  GSA of within 3 cm*. Whereas ETU is the dominant
and the time-integratedS;,, luminescence is larger. This is mechanism for this step at high dopant concentration, it be-
a consequence of the time scales of 108 (pump-pulse comes less efficient than ESA at low dopant concentration.
duration and 10 mg(“l 5, and *l ¢, lifetimes) at which the The four ETU processes *(13/2 %132 — (*115/2
contributions from ESA and ETJJ respectively, occur. o), (132 o) — (*1s2 2Hi1D), (4Saim 1) — (H 15/

The transients of Fig. 5 are normalized for peak height.?Hg), and (g, *le) — (%l 15, °Hep) contribute to the
The absolute peak intensities calculated from the rate equarain excitation steps along the sequentgs,—*l;3,
tions are two and five orders of magnitude smaller48g,  —*lg,—*S5,—?Hg,. Whereas at low dopant concentration

D. Transient behavior

VII. CONCLUSIONS
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these processes are stronger in the direction of upconversion 0<E min— Ep,max< Eph, max (A3)
and are followed by luminescent decay, they compete with
each other for the population and depletion of the excitedf an upconversion process is exothermic, its inverse process,
levels at high dopant concentration. i.e., the corresponding cross-relaxation process, is endother-
The change in the mechanisms from predominant lineafic and vice versa.
decay to predominant depletion by upconversion and cross With the known Stark-level energies of all relevant
relaxation with increasing dopant concentration and pumgnultiplets’ we find 35 upconversion processes which fulfil
power also explains the surprising power dependence of théither Eq.(Al), (A2), or (A3) and which may play an im-
measured upcon\/ersion_|uminescence rates. Their S|opes pertant role in the excitation mechanisms in the chloride Sys-
double-logarithmic representation change completely from tem(Table VI). Their inverse processes, i.e., the correspond-
for n-step excitation at low pump power in the 1% sample toing cross-relaxation processes, are also considered. In
a linear dependence f(;'Hg/z and a square-root dependenceaddition, those processes that do not start from the same
for the intermediate excited levels at strong excitation in thdhitial level on both ions generally have two possible path-
100% Samp|e_ This result is expected from thééaﬂd re- ways with different transition prObabi”ties in both upconver-

produced with excellent accuracy in the calculation. SiOfl and2 cross—relaxation4 directicz)n, e;lg.‘,‘l 1672, *Sap)
—(*l1s2,°Hgpp) and €135, Ss2) = (“Hepz, “l15) are two
ACKNOWLEDGMENTS pathways of the same upconversion process. These two path-
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was financially supported by the Swiss National Science Poa~R QDQAJ So(E)Sa(E)E"“dE. (A4)
Foundation.
The microscopic transition probabilitfp, of the donor-
APPENDIX A: MODELING OF ENERGY-TRANSFER acceptor transfer depends, fir;t, on the product of the integral
PROCESSES cross sectionQp andQ, of the involved donor and acceptor
transitions, respectively, second, on the spectral overlap in-
In this appendix, we discuss the approach to calculatingegral of the two line shape,(E) andS,(E), and, third, on
the probability of possible ETU processes and give the pathe site structure of the host material which defines the
rameters and equations for the calculation of the rates afilonor-acceptor distand@
these processes. The model operates on the level of multip- The integral cross sectioi¥, andQ, are proportional to
lets and thus neglects specific crystal-field splittings. The tothe oscillator strengthsy, andf, of the donor and acceptor
tal crystal-field splitting of a given multiplet is taken as the transitions, respectively. Oscillator strengths were obtained
width of this multiplet. All two-ion energy-transfer processes from a Judd-Ofelt calculation for Gisu,Cly: 1% EF' on the
which exhibit either a direct overlap of energies or an energyhasis of the room-temperature multiplet-to-multiplet absorp-
mismatch of less than one maximum phonon energyion intensities[Fig. 2@]. The Judd-Ofelt parameters from
(E ph,ma=260 cn t in the chloride are considered in the cal- the least-squares fit wet@,=8.61,,=0.423,(0s=0.227
culation. (10" 2% cm?) using a refractive index afi=1.823 In Table
We define hereEp,, and E, as the energies of the VI, F . andFqg are the products of the oscillator strengths
longest- and shortest-wavelength multiplet-to-multiplet tran-of donor and acceptor transitions for upconversion and cross
sition, respectively, whose spectral lineshape, thereforaelaxation, respectively. In the case of two possible pathways
ranges fromE i, to Ej. A direct spectral overlap between of an ETU process, products of both pathways for each pro-
a donor line shape ranging frop min 0 Ep max @and an  cess are summed for the values. For an ETU process
acceptor line shape ranging froBh mi, 10 Ea max iS present  (i,j)—(k,l), this yields
if the conditions
Ep.mn<Eams aNd Eqmn<Epma  (A) Fue f'_kf_"_ firfi femd For=hal _ fifl (A_S)
. . L .If one of the initial levels is part of a combined level in the
are fulfllled._ The process is e_xothermlc, i.e., one phonon '%alculation(4s3,2/2H11,2 or “Fuy/*Fap; see Appendix B
emitted during the transition, if the F values are weighted by the Boltzmann factor of the
0<Ep,min— Eamax<Eph,max- (A2) iCnOEIESf)FeO?/%I.ng initial level at 295 Kdenoted by an asterisk
On the other hand, the process is endothermic, i.e., one pho- Concerning the spectral overlap integral, we consider the
non is absorbed during the transition, if following experimental evidence. On the one hand, exother-
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TABLE VI. ETU processes: donor and acceptor transition in upconversion direction. If two pathways are
possible, the pathway with the higher oscillator strengths is given. Energy wiiftm™?) of direct spectral
overlap AE>0 cm 1) or energy mismatcli—260 cni *<AE<0 cm %, with ex indicating exothermic, en
indicating endothermicof donor and acceptor transitioRc andFcg (10! are calculated according to
Eqg. (A5). An asterisk denotesRvalue that is weighted by the Boltzmann factor of the corresponding initial
level at 295 K(*S;,: 0.938;2H;yp: 0.062; “Fsj: 0.896; “F4: 0.104. According to Eq.(A6), Wy and
Wer (10722 m®s™) are the products of thE values (< 10') with the transfer parameter; g asies 3.6
X102 m*s ™! or W, engori= 0.28X 10~ #2m?3s™* for quasiresonant and endothermic processes, respectively.
If an upconversion process is exothermic, the corresponding cross-relaxation process is endothermic and vice

versa.

Process Donor Trans Acceptor Trans  AE Fuc Fcr Wyc Wer
ETU, 13— 1502 M 1a— o —204 ex 0.140 0.172 0.504  0.048
ETU, 13— 152 o= 2H11s 199 2.407 0.111  8.665  0.400
ETU, 4S5 150 137~ 2Hgp 44 0.479 0179 1724  0.644
ETU, Hoo— 15 Hgp—2Hgp 70 2.352 1.476 8.467  5.314
ETUs 11— 4130 4Fgo—2Higp 71 2.264 0.100 8150  0.360
ETUs 11— 15 H o *F g —123 ex 0.146 0.165 0526  0.046
ETU, 10— 15 Hgp—*Fap 168 0.149 0.030 0536 0.108
ETUq 4F o157 4 131—F s —25en 0.551 0.721 0.154  2.596
ETU, 4S5—4131 Hgo—2Hgp —135en  5.941 1.810 1.663  6.516
ETU, 2Hy— 13 Hgo—2Hgp —163ex 0.624 8.624 2.246  2.415
ETU;, 11— 15 N 11—F o 140 0.335 0.380 1.206  1.368
ETUy, PP P 4S5 F s 3 0.163  0.08%  0.587  0.320
ETU,3 2H 10— 13 N 11—Fap —23 ex 0.012 0.052 0.043  0.015
ETUy, 11— 13 4F;—2Hg —194 en 1.028 0.705 0.288  2.538
ETU;s o= 131 Hg—*Sap 166 0.018 0.031 0.065 0.112
ETUg 4S54 11s0 H go—*Fp 107 0.030 0.013 0.108  0.047
ETU,; 4F =4 110 Hgo—*Fap —34 ex 0.196 0.034 0.706  0.010
ETUq Fop— 11 Hgp—2Hgp 20 2.076 1.158 7.474  4.169
ETUq 4F =411 Hgo—2Hgp —20 ex 1.316 4.207 4716  1.178
ETU, F g AF =4Sy 10 0.002 0.005 0.007 0.018
ETU,, 4F o110 AF g *F o 98 0.330 0.343 1.188  1.235
ETU,, 2Hy1— g ‘Fo—*Fsp 64 0.026  0.77%  0.094  2.790
ETU,4 AFgo—gp 4Fgp—2Hgp —182ex  1.004 0.672 3.614 0.118
ETU,, 2Hy1— 1y 4Fgp—2Hgp —122en  0.415 6.699 0.116  2.412
ETU,s 2H 11— *F g 4S5, —4F )y 106 0.017 0.212 0.061  0.763
ETU, 2H 11— *Fgp 4S5, —4F 31 —111en  0.045  0.096 0.013  0.346
ETU,, 4S04 gpn 2H11—2Hgp —254ex  0.005 0.036 0.018  0.010
ETU,q 4S04 gpm 48— 2Hgp —209en  0.002 0.000 0.001  0.000
ETU,q 2H 11— *F g 4F 71— 2Hgp 63 0.082 1.272 0.295  4.579
ETUs AF =4Sy 4F 70— Fap 2 0.000 0.000  0.000  0.000
ETUs, *Fe—Syp AF—2Hop -9len  0.079 0.099 0022 0.356
ETU;, 4F5—4Sy)0 4F;—2Hg 16 0.036 0.258 0.130  0.929
ETUq; 4F;—2Hy1p AF = Fep -85 en 0.134 0.007 0.038  0.025
ETU,, AF g —4F o 4Fap—2Hgp —232ex  0.000 0.002 0.000  0.001
ETUss AF 31— 4F 71 4Fap—2Hgp 101 0.000 0.000 0.000  0.000

mic processes according to E@2) can—by assistance of spectral overlap® This suggests that phonons also assist in
one phonon—reach a probability that is comparable to théridging an energy mismatch between emission and absorp-
strength of processes with direct spectral overlap accordingon crystal-field transitions in the case of direct multiplet-
to Eq. (Al). A prominent example is the comparison of up- multiplet spectral overlap according to Eé\1). This effect
conversion from’l 15, (ETU, in Table VI) and®l 11, (ETU;;  smoothens the spectral overlap integral, and we assume it to
in Table VI). The former is an exothermic process whereasbe the same for all investigated ETU processes which are
the latter exhibits a direct spectral overlap of donor and aceither exothermic according to EGA2) or exhibit a direct
ceptor line shapes. In LiYfat a dopant concentration of spectral overlap according to EgA1). We will refer to these
13.8x107° cm ™3 (corresponding to 30% EF concentration processes as “quasiresonant” processes in the following.

in Cs;Lu,Clg), the exothermic process has a parameter which Therefore, we neglect the actual overlap between donor
is twice as large as the parameter of the process with dire@nd acceptor line shapes and set the spectral overlap integral
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in Eq. (A4) equal to unity for all ETU processes. In this the transfer parameteV¥; qasireANdW; engomUsing the mac-
approximation, the actual ETU parameters of each ETU proroscopic rate equations of Appendix B, we do not have to
cess for upconversiow,c and cross relaxatioWcg can be  apply a model which deriveR either in a statistic way or by
expressed by the products of the correspondingalues  explicitly making use of the Gku,Cl, structure and averag-

[ X 10*] of Table VI with a macroscopic transfer parametering over all neighboring rare-earth sites.

W, respectively, The rateU of a given ETU process involving the transi-
tions (i,j)—(k,l) is calculated as the difference of the rates
Wyc=WFyc, and Wer=W;FcR. (AB) of upconversion and corresponding cross-relaxation process,
On the other hand, many spectroscopic investigations U(r)=WycN;i(r)Nj(r) =WeaNi(NNi(r), (A7)

have led to the conclusion that endothermic processes ag;i -
. ith Wyc and W from Eq. (A6). If the initial states are
cording to Eq.(A3) are less probable and have a Sma”erdifferent, i.e.,i#], the second pathway is implicitly consid-

ETU p?rametﬁr than qua;iresonfant processes. Ofn;glromineé}%d in theF products of Eq(A5). If the initial states are the
eé_?gp_e_rlsblt ?/Icon;lpahn_son 0 Uﬁcon\_/ersmn ' ?ﬁ_ same for both ions, i.ei=j, the depletion rate for this state
( 1 in Table Vi), which is an exothermic process, with its is 2X U, which will be considered explicitly in the rate equa-

hnvirse Process, crcl)ssL_r$Iaxat|oré?f£dm,2, Wh'ch IS aPS%r;/- tions of Appendix B. A positive sign ofJ indicates that
othermic process. In LiYfatan Er” concentration of 33% \,0nversion dominates over cross relaxation, whereas a

which is gqual to the B concentration n QﬁrZCIQ, the negative sign indicates that the ETU process is stronger in
exothermic process has a parameter which is 12 times Iargcage cross-relaxation direction.

than .th_e pa_rameter of the endothermic procesherefore, The F and W, values of all 35 ETU processes for 100%
we distinguish two cases for the transfer param@igy one  yqhant concentration for both upconversion and cross-

for quasiresonant ETU processt, quasies and one for en- o155 ation direction are summarized in Table VI. These val-
dothermic ETU processeV; engon The above approxima- a5 and thai,. andWg values derived from EqA6) are
tion fpr the spectral overlgp integral is also made for endoty, |,safy| approximation only at room temperature and above,
hermic processes according to E43). for the following three reasons: First, the Judd-Ofelt analysis
Thus, we have to determine two transfer parameters fofpich provided the data for the calculation of theroducts
ETU processesWi quasies@Nd Wi engotrr Th€SE Can be de-  oqqmes infinite temperature. Second, the qualitative evalua-
r_|ved for the _100% sample Ey reprodui:lng the measured lifegq of the spectral overlap integral according to E@sl)—
time quenching of thé'Sy,/?H1/, and *l o1, levels at 100% (A3) assumes comparable intensity of all crystal-field transi-
dopant cogcentreﬁm(ﬂableﬁll) owing to the cross-relaxation {jong which is possible only at high temperature. Third,
processes4(—| 11725 '145/2)—’2 l132,"l9i2) (ETUzin Table VI)  gngothermic processes according to B%8) require the ab-
and (loz, *l15) = (*l1gz *113) (ETUy in Table V), re-  gormtion of one phonon. The corresponding phonon states are
spectively. The former is a quasiresonant process, where%?,ﬂy populated at higher temperatures.
the latter is an endothermic process. The transfer parameters The Wy, andW values of Table VI differ by more than
obtained in this way from Eq$A6),(A7), ang',g‘e gaEel €qua- three orders of magnitude among the investigated ETU pro-
tions of Appendlx_lg;zarse/\_/t quasires:3-06>< 100 “m’s " and  cesses. In addition, the population densifiésf the initial
Wi endoti= 0-28X 10" ““m”s ™~ for 100% dopant concentra- siates in Eq(A7) differ by several orders of magnitude. This
tion. The transfer parameter for quasiresonant processes is Lgminates a number of ETU processes as relevant processes.
times larger than that for endothermic processes, in googhe processes which are found to be most important for the
agreement with the above factor of 12 for LiY® This  gycitation mechanisms under 1.54n pumping are dis-
clearly supports our initial assumptlon_that endothermic Proplayed in Fig. 6. The rate equations which will be presented
cesses are less probable than quasiresonant processes gy ppendix B include only the important ETU processes of

have to be treated separately. - Fig. 6, although the source code considered all 35 ETU pro-
We do not explicitly include energy migration in our rate -egses of Table VI in the calculation.

equations but express its influence by the concentration de-
pendence of the transfer parameters. Thus, for the 1%APPEND|X B: PARAMETERS AND RATE EQUATIONS
sample, we also have to find two transfer parameters. Ac- '

cording to recent results for upconversion frdin,, (ETUy; The computer simulation which was performed for the
in Table VI in LiYF,:Er**,*" we assume a cubic depen- Cs;Lu,Cly:Er* system involved all B levels up to?Hg,
dence of theW, parameters on dopant concentration, i.e.,(for the labeling, see Fig.)@and the following processes and
W 106= 10‘3><th100% for both W, quasires@Nd Wy endgotr FOr - parameters: pump power and configuration, GSA and
upconversion fronfl 13, (ETU,), a less pronounced concen- ground-state bleaching, ESA, all lifetimes and branching ra-
tration dependence has been found in Ref. 51. However, wittios, a large number of ETU processes, and the crystal data.
the assumption of a quadratic concentration dependende this appendix, we present all parameters used in the cal-
agreement of calculated with experimental results could notulation and the rate equations implemented in the source

be obtained for the 1% sample. code. For the modeling of the ETU processes, see Appendix
The transfer parameté, of Eq. (A6) also includes the A.
transition from the microscopic description of E@\4) to The 4S;;, and ?H 4, multiplets as well as théF, and

the macroscopic description of the rate equations of Appen?F, multiplets are treated as combined levels in thermal
dix B, i.e., it contains information on the distribution of equilibrium. The CgLu,Cly:Er" lifetimes 7, of Fig. 6 rep-
donor-acceptor distancésin the crystal. Since we calculate resent the intrinsic lifetimes of the system at low dopant



176 LUTHI, POLLNAU, GUDEL, AND HEHLEN PRB 60

TABLE VII. Radiative branching ratiog;; for all excited states to lower-lying stateg as calculated from the Judd-Ofelt model using
the parameter§),=8.61,0,=0.423,0,=0.227 (10 ®°cm?), and a refractive index af=1.82(Ref. 33. The radiative rate constants for
2H1/0/*Ss), and F5,/*F 5, are weighted with their Boltzmann factors at 295 K of 0.062/0.938 and 0.104/0.896, respectively, and are
summed for each transition in order to derive branching ratios for the combined levels.

Hyyd *Fand
Multiplet 1512 132 11 o “For Sy “Fin *Fsp
2Hgp, 0.051 0.163 0.070 0.646 0.064 0.003 0.003 0.000
4F 30l *Fgp 0.397 0.377 0.078 0.098 0.040 0.007 0.003
“Fan 0.687 0.154 0.073 0.066 0.019 0.001
2Hy10/%Syp 0.671 0.268 0.020 0.041 0.000
“Fon 0.802 0.076 0.098 0.024
o 0.776 0.196 0.028
1112 0.838 0.162
132 1.000

concentration and include only radiative decay. Multiphononcross sections obtained from Judd-Ofelt calculations repre-
relaxations are neglected, because the maximum phonon esent multiplet-to-multiplet transitions only. Therefore, we
ergy is only 260 cm? in the chloride. The lifetimes of the treat the ESA cross section as the only free parameter in our
#1320 Yo, and Sy, excited states are the values mea-model. ESA is of significant importance only in the 1%
sured for CgLu,Cly:1% EP* (Table ). The measured life- sample(cf. Sec. \J. When comparing the measured and cal-
time quenching of*ly, and %S;, in CsErCly at 295 K culated transients ofS,;, luminescence for the 1% sample
(Table | is considered correctly in our rate equations by the[Fig. 5@)], where ESA has a characteristic influence, reason-
corresponding cross-relaxation process¢ek the detailed able agreement is obtained for an ESA atomic cross section
discussion in Appendix A The lifetimes of the other excited of o35=5.5x 10" ° cn? which is three times larger than ex-
states are the inverse of the sum of the radiative-decay raggected from our rough estimate.
constants obtained from the Judd-Ofelt calculation. Like- Since the pump power is almost entirely absorbed in the
wise, the branching ratig8;; for the luminescent relaxations 100% sample, leading to a significant variation in population
from an excited stateto lower-lying state$ (Table VII) are  density over crystal length, and since the excitation mecha-
taken from the Judd-Ofelt calculation which is based on thenisms are highly nonlinear because of efficient ETU pro-
room-temperature multiplet-to-multiplet absorption intensi-cesses at higher dopant concentration, the calculation for the
ties of CsLu,Clg:1% EP* [Fig. 2@)]. 100% sample had to be performed with spatial resolution.
The crystal length i$=2 mm. The dopant concentrations Let z andr be the variables of the longitudinal and radial
are Nyg=0.4525<10°cm™3 (=1%) and Ng=45.25 coordinate within the crystal, respectively. They represent
x10Pcm™3 (=100%. The pump-beam radius isv, the discrete longitudinal elemens=1 to n covering the
=80um and the pump power iB;,=20mW at the pump crystal lengthl as well as the discrete radial cylinder ele-
wavelength of\;=1.536um. A fraction 7;,=0.95 of the ~mentsr=1 to m covering 1.5 times the waist radivg, of
pump power is launched into the sample. We define théhe Gaussian pump beam. The elements are chosen with a
atomic cross sectiomr;; of a specific crystal-field transition progression in length from front surface to back surface of
from multipleti to multipletj as its effective absorption cross the crystal(2, 3, 4, 7, and 84% thus providing a finer reso-
sectiono e divided by the Boltzmann factds; of its initial ~ lution at the front region where the contribution of the inves-
Stark level, i.e.gi; = oen/by. The GSA atomic cross section tigated processes is more significant.

at the pump wavelength of th8l 15{0)—*l,5{0) crystal- A finite-element resolution oh=m=5 was chosen for
field transition, og;=4.6x10 2 cn?, is derived from the the calculation. A higher longitudinal resolution does not sig-
measured effective absorption cross section at 295 K. nificantly alter the calculated results for the 100% sample.

ESA on the transitiorfl g/,—*S3/,/?H 1, is possible from  The longitudinal resolution does not influence the calculation
the %l9(3) and *l(4) crystal-field levels at 12509 and for the 1% sample, because the pump absorption is weak
12513 cm® which are 129 and 133 cm above *l4,(0), and, therefore, relatively homogeneous in longitudinal direc-
respectively. Transitions from these levels to the lowestion. Despite the nonlinearities involved, the radial resolution
2H,,,{0) level have small energy mismatches of 3 and 1and assumption of a Gaussian pump beam with waist radius
cm * with the GSA transition, respectivefy. At 295 K, W, leads to results which are very similar to those obtained
these two levels have a combined thermal population ofvhen assuming a homogeneously pumped cylinder of radius
29%, and*l 4, 2H1,, ESA is likely at this temperature. It Wp. in agreement with earlier findings.
was, therefore, included in the rate equations. With r=(r,z), the space vector,(r) andr,(r), the in-

A Judd-Ofelt calculation predicts the cross section ofner and outer radii of the radial elememtrespectively, and
4 90— 4S32/?H 11/, ESA to be twice that of the GSA transi- Al(z), the length of the longitudinal elementthe rate equa-
tion. Since two ESA crystal-field transitions are excited attions for the population densitiég(r) of the states indicated
the pump wavelength, the ESA atomic cross section could b# Fig. 6 read
expected to be about 4 times the GSA cross section. How- .
ever, this estimate is not necessarily accurate, because the dNg(r)/dt=— 75 "Ng(r)+Us(r)+Uy(r),  (B1)
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dN;(r)/dt=Bgrrg Ng(r)— 77 IN7(r)+Ug(r) + U4(r)
+Ug(r), (B2)
dNg(r)/dt=2_7..g[ Big7i "Ni(r)]— 75 'Ne(r), (B3)
dNs(r)/dt=Ras(r)+3i¢...e[ Bis7 "Ni(r)]— 75 "Ns(r)
+U,(r)—Uj(r)+Usg(r), (B4)
dN4(r)/dt=3_s...g[ Bia7i *N;i(r)]— 75 IN4(r)— Us(r)
—Ug(r), (B5)
dNg(r)/dt=—Ras(r)+3i_4. e[ Bia7i “Ni(r)]— 75 "Na(r)
FU (1) —Uy(r)=2U,4(r) = Ug(r) —U+(r),
(B6)
dNL(r)/dt=3_5. [ Biri *Ni(r)]— 75 *N,(r)—Us(r)
—Ug(r)—Uq(r), (B7)
dNy(r)/dt=Roy(r)+ 32— .g[ Bia7i "Ni(r)]— 71 'Ny(r)
—2U(r)=Uy(r)—Usz(r)+Usg(r)—Ug(r),
(B8)
Ng=2j=0..gNi(r). (B9)
The ETU ratedJ; are calculated from EqA7) of Appendix
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=0.214 for *1,3(0), by=0.148+ 0.145=0.293 for 4l 4,3
+4), andbs=0.014 for?H,,,0). Thefractionp(r) of the
power of the Gaussian pump beam contained in the cylinder
atr compared with the total pump power in the longitudinal
elementz is>®

ra(r)
pp(r)=2/[7-rwr2)]J’ ’ exl — 2r"2/w3]2mr"dr”
rq(r)

=exf —2r5(r)/wj]—exd —2r5(r)/w3].
(B11)

The powerP|(z) which is launched into the longitudinal
elementz is calculated &

z—1 m
Pi(2)=nPnll [2 [pp<r'>exp(—A|<z'>a<r'>)]}.
z/=1(r'=1
(B12)

EquationgB11) and(B12) imply that after absorption of the
pump power in each longitudinal element a Gaussian pump
shape is maintained, i.e., a possible degradation of the
Gaussian pump shape due to ground-state bleaching and,
therefore, radially nonuniform absorption is neglected. Since
the pump laser operated in the TEMnode and the samples
were short, the divergence of the pump beam is also ne-
glected in the calculation. With Eq€810)—(B12), the equa-
tions for the pump rateRy;(r) of GSA andRsg(r) of ESA

A. For clarity, only the important ETU processes shown inP€r unit volume read

Fig. 6 are considered in the rate equatidB4)—(B9), al-

though the calculation included all 35 ETU processes of
Table VI of Appendix A. The calculation of GSA and ESA

O'H(b|N|_bJN|)
Rij(r)= T{l—exq—Al(Z)a(f)]}

pump rates considers stimulated emission at the pump wave-

length. The absorption coefficient is

a(r)=op bgNg(r)—biN1(r)]+ osg bgN5(r) —bsNs(r)].
(B10)

o Pi@pyn)
hc Al(z)m[r3(r)—r2(r)]

(B13)

h andc denote Planck’s constant and the vacuum speed of

The Boltzmann factors of the initial and terminal Stark levelslight, respectively. The rate equations are solved in a Runge-

of GSA and ESA at 295 K arby,=0.228 for %l ;5{0), b;

Kutta calculation of fourth order.
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