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Spectroscopy and upconversion mechanisms of CsCdBr3:Dy31
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The upconversion luminescence of a Dy31-doped system is presented and analyzed. CsCdBr3:x% Dy31

~x50.2,1,5! was synthesized and grown as crystals using the Bridgman technique. Dy31 ions 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 from4F9/2 can be induced upon excitation into6F5/2 or 6F3/2 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 CsCdBr3:0.2% Dy31 at 10 K leads to a rate
constantWt5165 s21 for the energy-transfer step. This is very small, and thus upconversion based on one
excitation wavelength is inefficient. In addition, the intermediate NIR level6F5/2 is significantly depopulated
by multiphonon relaxation at room temperature.@S0163-1829~98!02208-5#
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I. INTRODUCTION

The phenomenon of upconversion luminescence,
photoexcitation at a certain wavelength followed by lumin
cence at a shorter wavelength, is quite common in co
pounds containing Ln31 ions.1 Especially Pr31, Nd31, Ho31,
Er31, and Tm31 have been incorporated in various kinds
hosts and upconversion has been demonstrated.2–7 But virtu-
ally nothing has been reported on Dy31 in this research field,
apart from examples describing Dy31 in combination with
other rare-earth ions8,9 or as a quencher of luminescence10

This is mainly due to the dense energy-level scheme
Dy31, favoring radiationless decay of excited levels by m
tiphonon relaxation. These relaxation processes can be
pressed in low-phonon energy hosts, such as bromide
iodides, which, on the other hand, are not ideal from a m
terials point of view, due to their moisture sensitivity.

The inertness of CsCdBr3 towards moisture is quite
unique among the potential low-phonon energy host latti
for lanthanide ions. It crystallizes in the hexagonal syst
and is built up from infinite linear chains of face sharin
@CdBr6#

42 octahedra along the crystallographicc axis.
CsCdBr3 has been extensively used as a host lattice for tr
lent transition-metal and lanthanide ions.2,4–6,11,12Based on
electron paramagnetic resonance and optical spectros
evidence, it was found that trivalent ions preferentially en
the lattice by forming a dimer unit Ln31-vacancy-Ln31 re-
placing three Cd21 ions along the chain.11,12 Besides this
energetically most favorable charge compensation, the
lowing minority sites were postulated: Ln31-Ln31-vacancy
and an isolated Ln31 ion accompanied by a Cs1 vacancy.5

The Ln31-Ln31 separation in the majority dimer is about 6
giving rise to weak exchange interactions and quite effici
energy-transfer processes.

In this paper we present the near infrared~NIR! to visible
~VIS! upconversion-luminescence study of a Dy31-doped
system. The observed upconversion in Dy31-doped CsCdBr3
is spectrally and temporally analyzed. The relevant upc
570163-1829/98/57~8!/4369~8!/$15.00
.,
-
-

f
-
p-
or
-

s

-

py
r

l-

t

-

version mechanisms can thus be identified and the rate
stants for the important steps determined.

II. EXPERIMENT

Synthesis

DyBr3 was prepared from Dy2O3 ~Johnson & Matthey,
99.99%! following the ammoniumhalide route.13,14 2.55 g
~6.84 mmol! of Dy2O3 and 4.69 g~47.8 mmol! of NH4Br
~Merck, 99.8%.! were dissolved in concentrated HBr sol
tion ~Fluka, pa. 48%! and evaporated to dryness. The o
tained~NH4!3DyBr6 was further dried under N2 at 200 °C for
1 h followed by decomposition under vacuum at 420 °C fo
h to obtain DyBr3. For purification, the product was sub
limed three times. CsBr~Merck, 99.5%! was dried under
vacuum and CdBr2 ~Johnson and Matthey, 99%! was purified
by twofold sublimation.

Using stoichiometric amounts of CsBr, CdBr2, and
DyBr3, crystals of CsCdBr3:x% Dy31 ~nominally x50.2,1,
5! were grown in silica ampoules by the Bridgman tec
nique. Due to the hygroscopic nature of the starting mat
als, handling had to be carried out in a dry box. The 0.2
and 1% crystals were of good optical quality, not sensit
towards moisture and could easily be cleaved along thc
axis, allowing spectroscopic measurements without polish
of crystal surfaces. The crystal nominally doped with 5
Dy31 was of significantly poorer optical quality and absor
tion spectra indicated an effective concentration of 3.8
Dy31 within the sample.

Spectroscopy

Absorption spectra were recorded on a Cary 5e~Varian!
spectrometer. Continuous-wave upconversion-luminesce
spectra were obtained using an argon-ion laser~Spectra
Physics 2045! pumped Ti:sapphire laser~Schwartz Electro-
optics! in standing-wave configuration. Wavelength contr
was achieved by an inchworm driven~Burleigh PZ 501!
birefringent filter. The sample luminescence was disper
4369 © 1998 The American Physical Society
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FIG. 1. Unpolarized survey absorption spe
trum of CsCdBr3:5% Dy31 at 20 K. The asterisk
denotes a water absorption. Above 20 000 cm21

the bands are not fully resolved. In the high
energy region only a few selected transitions a
assigned. The multiplets6F5/2 and 6F3/2 are en-
larged in the inset. These were used as excitat
levels for upconversion experiments.
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by a 0.85-m double monochromator~Spex 1402! and de-
tected by a cooled photomultiplier~RCA 31034! using a
photocounting system~Stanford Research 400!.

For pulsed upconversion-luminescence measuremen
the 6F5/2 excitation energy of 12 338 cm21 the output of a
frequency-doubled Nd:YAG~yttrium aluminum garnet! laser
~Quanta Ray DCR 3, 20 Hz! pumped dye laser~Lambda
Physik FL 3002, rhodamine-101 in methanol! was Raman-
shifted ~Quanta Ray RS-1, H2 340 psi!. For 4F9/2 excitation
at 20 945 cm21, the dye rhodamine-B was used and the o
put was anti-Stokes shifted. The sample luminescence
dispersed by a 0.75-m monochromator~Spex 1702! and de-
tected as described above. For time-resolved measureme
multichannel scaler~SR 430! was used.

Sample cooling was achieved using the helium-gas fl
technique for luminescence experiments or a closed-c
cryostat~Air Products! for absorption measurements.

Luminescence spectra were corrected for the sensitivit
the detection system. They are displayed as photon co
versus energy (cm21).
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III. RESULTS

Figure 1 shows the absorption spectrum of CsCdBr3:5%
Dy31 in the spectral region between 5000 and 32 000 cm21

at 20 K. It consists of weak and narrow lines, characteris
of f - f transitions. The assignment is straightforward from
comparison with the literature.15 In the high-energy region
only some selected multiplets are assigned. The energy
between the sextet and quartet states is 7000 cm21. The
spectrum is dominated in intensity by the transiti
6H15/2→6H9/2/6F11/2 around 8000 cm21. The transition to
6F1/2 expected around 13 750 cm21 is too weak to be ob-
served in the survey spectrum, confirming the selection r
that allows only transitions withDJ<6. The inset shows the
multiplets 6F5/2 and 6F3/2 that were excited for
upconversion-luminescence studies. The energies of the m
important crystal-field levels obtained from high-resoluti
absorption spectra and used in the subsequent upconve
studies are summarized in Table I. Thef - f energy-level
scheme of Dy31 is shown in Fig. 2. The total splitting of the
i-
TABLE I. Selected energy levels for CsCdBr3:Dy31 extracted from high-resolution absorption and lum
nescence spectra; energies are given in cm21.

6H15/2 ~1! 0 6F9/2 ~1! 8994.4 4M21/2 ~1! 24 615
~2! 17 ~2! 9004.1 ~2! 24 631
~3! 31 ~3! 9105.0 ~3! 24 633
~4! 153 ~4! 9108.3 ~4! 24 648
~5! 264 ~5! 9123.3 ~5! 24 861
~6! 308 6F5/2 ~1! 12 339 ~6! 24 887
~7! 359 ~2! 12 405 ~7! 24 944
~8! 381 ~3! 12 421 ~8! 25 024

6H13/2 ~1! 3545 6F3/2 ~1! 13 186 ~9! 25 046
~2! 3552 ~2! 13 189 ~10! 25 065
~3! 3556 4F9/2 ~1! 20 912 ~11! 25 080
~4! 3566 ~2! 20 933 4I 13/2 ~3! 25 454
~5! 3573 ~3! 20 945 ~4! 25 456
~6! 3577 ~4! 21 171 ~5! 25 520
~7! 3587 ~5! 21 176 ~6! 25 553
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multiplets by the crystal field is indicated by the height of t
boxes.

Figure 3 presents the upconversion-luminescence s
trum in the VIS and near ultraviolet of CsCdBr3:1% Dy31 at
10 K under continuous-wave 6F5/2 excitation at
12 338 cm21. A comparison with energy differences b
tween individual crystal-field levels obtained from hig
resolution absorption spectra leads to the assignments g
in the figure. The4F9/2→6H13/2 transition is dominant, de
termining the yellow-green color of the upconversion lum
nescence. In addition to the transitions originating from4F9/2
weak luminescence transitions from4M21/2 and 4P3/2 can be
detected. The total intensity of the upconversion lumin
cence decreases by about two orders of magnitude betw
10 K and room temperature. The power dependence
4F9/2 and 4M21/2 luminescence intensities is exactly qu
dratic, indicating a two-photon process to populate the em

FIG. 2. Energy-level diagram of Dy31 with two possible ETU
mechanisms to populate4F9/2 after 6F5/2 excitation. The cross-
relaxation step is indicated with dashed arrows.

FIG. 3. Survey upconversion-luminescence spectrum
CsCdBr3:1% Dy31 at 10 K using6F5/2 excitation at 12 338 cm21,
see Fig. 1.
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ting level. The4P3/2 luminescences show a cubic power d
pendence; this emitting level lies at an energy
27 148 cm21 that cannot be reached by absorption of tw
12 338-cm21 photons and is thus populated by a thre
photon process.

Excitation spectra monitoring the upconverte
4F9/2→6H13/2 luminescence at 17 341 cm21 of CsCdBr3:1%
Dy31 at three different temperatures are shown in Fig.
Below 20 K the similarity of the excitation spectrum to th
corresponding absorption spectrum that is shown for co
parison is evident. With increasing temperature, the exc
tion lines get broader and there arise intense and extrao
narily sharp lines at 12 164 cm21 and 12 177 cm21. The
intensity of these lines relative to the excitation line
12 338 cm21 increases by factors of 2 and 4 when goi
from the 0.2% sample to the 1% and 5% sample, resp
tively. Also at 13 181 cm21 another hot line is observed.

Figure 5 shows the decay of the4F9/2 luminescence in-
tensity after pulsed excitation into4F9/2 of CsCdBr3:0.2%
Dy31 at 10 K. The semilogarithmic plot reveals a doubl
exponential decay curve. From a double-exponential fit
obtain decay times of 105 and 501ms for the two branches
with two orders of magnitude more intensity in the fast pa
This behavior is reproducible for different excitation inten
ties and Dy31 concentrations. The4F9/2 lifetime of the ma-
jority site is attributed to the dominant first part~105 ms!.
The slowly decaying part is attributed to a minority cen
with a lifetime of 501ms. In CsCdBr3:Tb31 a similar relation

f

FIG. 4. Upconversion-excitation spectra of CsCdBr3:1% Dy31

at three temperatures detecting the intense4F9/2→6H13/2 lumines-
cence at 17 341 cm21. The individual spectra are scaled to an equ
height of the peak at 12 338 cm21. The absorption spectrum at 20 K
of the same spectral region is shown at the bottom.



ha

w
e

s,
il-

ig.
the
ted
ich
g

ted
ble

as
-
re-
s re-

ate
a-
me
k-
a
t

vel
ndi-

th
ra-

onic
co-

rdi-
for
ner-
sys-
s the

c.

nt

m

4372 57MARKUS WERMUTH, TONI RIEDENER, AND HANS U. GU¨ DEL
of luminescence lifetimes belonging to different centers
been found.16

The upconversion-luminescence transients of4F9/2 ob-
tained under pulsed6F5/2 excitation of CsCdBr3:Dy31 at 10
K are shown in Figs. 6~a! and 6~b! for 0.2% and 1% Dy31,
respectively. The luminescence intensity is seen to slo
build up after the excitation pulse. The maximum is reach

FIG. 5. 4F9/2→6H13/2 luminescence decay after4F9/2 excitation
of CsCdBr3:0.2% Dy31 at 10 K. The ordinate scale is logarithmi
The excitation pulse has a width of 10 ns and occurs att50. The
data were fitted with a double exponential decay function.

FIG. 6. ~a! 4F9/2→6H13/2 upconversion-luminescence transie
after 6F5/2 excitation (12 338 cm21) of CsCdBr3:0.2% Dy31 at 10
K. The excitation pulse has a width of 10 ns and occurs att50. The
smooth line corresponds to a fit with Eq.~5!. The inset shows the
same data in a semilogarithmic plot.~b! Same transient for
CsCdBr3:1% Dy31.
s

ly
d

at about 210 and 120ms for the 0.2% and 1% sample
respectively, and then we observe a decay within a few m
liseconds. From the semilogarithmic plots in the inset of F
6 we see that the decay is perfectly single exponential in
dilute sample but shows a small deviation in the concentra
one. An analysis in terms of a rise and decay time, wh
will be discussed in detail in Sec. IV C, yielded the followin
respective results: 107 and 546ms for the 0.2% crystal, 41
and 426ms for the 1% crystal.

The luminescence rise and decay times at 10 K extrac
from the time-dependent experiments are collected in Ta
II. Whereas the lifetime of6F5/2 is strongly temperature
dependent—it decreases from 1.2 ms at 10 K to 250ms at
room temperature—the value of the4F9/2 lifetime is not sig-
nificantly affected by temperature changes.

IV. DISCUSSION

A. Upconversion luminescence and lifetimes of excited states

In view of the fact that no upconversion luminescence h
been reported so far in a purely Dy31-doped system our ob
servation of visible luminescence upon NIR excitation is
markable and deserves analysis. Upconversion processe
quire, among other factors, the availability of an intermedi
state with a sufficiently long lifetime, so that a high popul
tion of this state can be achieved. The energy-level sche
of Dy31 in Fig. 2 is characterized by a relatively dense pac
ing of multiplets in the near infrared. This is followed by
large energy gap of about 7000 cm21 separating the highes
sextet6F1/2 from the lowest quartet4F9/2. The quartet states
again show a relatively dense packing. This energy-le
structure largely determines whether and under what co
tions upconversion processes can occur.

The lifetime of an excited state is determined by bo
radiative and nonradiative depopulation processes. The
diative rate constants are largely determined by the electr
structure of the lanthanide ion; their dependence on the
ordination geometry and the chemical nature of the coo
nation is of minor importance. The same is not true
multiphonon-relaxation processes. They depend on the e
gies of the accepting phonon modes, and for lanthanide
tems the so-called energy-gap law can be used to expres
multiphonon-relaxation rate constantw0 :17

w05be2ap. ~1!

TABLE II. Luminescence rise and decay times extracted fro
time-dependent measurements at 10 K. The values are given inms.
Calculated data are obtained using the Judd-Ofelt model~see Sec.
IV A !.

Expt. Calc.
Excitation Detection Rise Decay Decay conc.

6F5/2
6F5/2 1200 744 0.2%

4F9/2
4F9/2 105 222 0.2%

6F5/2
4F9/2 107 546 0.2%

6H13/2 10 000
6F5/2

4F9/2 41 426 1%
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In Eq. ~1! a andb are parameters characteristic of the ma
rial, p5DE/\v is the number of phonons of energy\v
required to bridge the electronic energy gapDE. The
highest-energy phonons are the most efficient accep
modes. According to a rule of thumb forf - f states in lan-
thanides, multiphonon relaxation is dominant forp,5. This
rule has a sound empirical and theoretical basis.3,18 Highest-
energy phonons in oxides, fluorides, chlorides, and brom
have typical energies of;600, ;400, ;260, and
;160 cm21, respectively. For CsCdBr3 a value of 163 cm21

was determined by Raman spectroscopy.19

The large energy gap of 7000 cm21 between the quarte
and sextet states of Dy31 prevents an efficient4F9/2 6F1/2
multiphonon relaxation even in oxides. Thus, if an upconv
sion process can be achieved, a luminescence from the
est quartet states is likely to occur. The problem is to obt
a sufficiently long lifetime of the intermediate sextet level
the NIR. The largest energy gap of Dy31 in the NIR~see Fig.
2! is about 1300 cm21 between6F5/2 and 6F7/2. With the
maximum phonon energies quoted above,p,5 for both ox-
ides and fluorides, and multiphonon relaxation6F5/2 6F7/2
is thus very competitive. The same is of course true for
the other gaps between 14 000 and 9000 cm21, which are all
smaller than the6F5/2-

6F7/2 gap. The situation is very differ
ent for the CsCdBr3 host chosen in the present study.p is
about eight for the6F5/2-

6F7/2 gap, and the rate constant fo
multiphonon relaxation is smaller by orders of magnitu
than in an oxide or a fluoride. This, in our opinion, accou
for the nonobservation of Dy31 upconversion luminescenc
so far.

The experimentally determined lifetimet51.2 ms at 10
K of 6F5/2 for CsCdBr3:0.2% Dy31 confirms that nonradia
tive quenching cannot be important. We used a Judd-O
analysis to estimate the radiative contribution to the exp
mental lifetime.20,21 In a Judd-Ofelt calculation three inten
sity parametersV (l) (l52,4,6) are fitted to oscillato
strengthsf extracted from unpolarized room-temperature a
sorption spectra, using the following formula:

f 5
8p2mn

3h

x

~2J11!

3 (
l52,4,6

V~l!u^ f nSLJiU~l!i f nS8L8J8&u2. ~2!

In Eq. ~2! x stands for the local-field correction. For electri
dipole induced absorption and emission processes it is
lated by the following expressions to the refractive indexn,
respectively:

xabs5
~n212!2

9n
, ~3!

xem5
n~n212!2

9
. ~4!

The refractive indexn was set to 1.78.4 The last factor in Eq.
~2! is the square of a reduced matrix element of the ten
operatorU(l), characteristic of a transition between the m
tiplets u f nSLJ& and u f nS8L8J8& within the f n electron con-
figuration. These elements are determined by the four ato
-

g

es

-
w-
in

ll

s

lt
i-

-

e-

or
-

ic

parametersF (2), F (4), F (6), and z.22 The V (l) parameters
obtained from fitting absorption intensities can in turn
used to calculate oscillator strengths and rate constant
transitions between excited states. From the sum of all ra
tive decay-rate constants the radiative lifetime of a giv
multiplet is then obtained.

As no data forF (2), F (4), F (6), andz were available for
CsCdBr3:Dy31, these atomic parameters were estimated
the following way: Their values are known fo
CsCdBr3:Er31 and for both Er31 and Dy31 in LaF3.

23,24 As-
suming the same ratio of these atomic parameters for E31

and Dy31 in the two lattices, the following values were de
rived for CsCdBr3:Dy31: F (2)591 877 cm21, F (4)

566 486 cm21, F (6)545 106 cm21, z51892 cm21.
This fixed set of parameter values was then used to de

mineV (l) by fitting Eq. ~2! to the 295-K absorption intensi
ties of the multiplets. Only the oscillator strengths of multi
lets that are well separated could be used as input value
the least-squares procedure. These multiplets are give
boldface in Table III. The table shows that the experime
tally determined values are very well reproduced over
whole range of four orders of magnitude by Eq.~2!. The
intensity parametersV (l) thus obtained were used to calc
late radiative lifetimes of various excited states. A compa
son of calculated and measured lifetimes is given in Table
For 6F5/2 the measured lifetime at 10 K is found to be som
what longer than the calculated one. We conclude that n
radiative processes play a negligible part in the depopula
of 6F5/2 at this temperature. The observed decrease
t(6F5/2) from 1200 to 250ms between 10 and 295 K, whic
is accompanied by a corresponding decrease in the lumi
cence intensity is attributed to thermally activated nonrad
tive processes such as multiphonon relaxation or the cr
relaxation process6F5/21

6H15/2→6F9/21
6H13/2, indicated

with dashed arrows in Fig. 7. This latter process is therma
activated because the gap between6H15/2(1) and 6H13/2(1)
is greater by 200 cm21 than the gap between6F5/2(1) and
6F9/2(1); compare Table I.

For the other important multiplet4F9/2 the measured and
calculated lifetimes at 10 K differ by a factor of 2. This lie

TABLE III. Comparison of experimental with calculated osci
lator strengths for CsCdBr3:Dy31. The values used as input for th
least-squares procedure are indicated in boldface. The followin
parameters were used:V (2)52.48310219 cm2, V (4)52.29
310220 cm2, V (6)55.98310221 cm2.

Transition f obs (1026) f calc (1026)

6H15/2→6H11/2 1.64 1.72
→6H9/2/6F11/2 19.8 22.3
→6F9/2/6H7/2 0.619 1.81
→6H5/2 0.008 0.002
→6F7/2 0.656 0.916
→6F5/2 0.338 0.290
→6F3/2 0.050 0.054
→6F1/2 0.00
→4F9/2 0.134 0.089
→4G11/2 0.185 0.137
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within the accuracy of the Judd-Ofelt procedure, and we c
clude that the experimentalt5105ms is essentially radia
tive.

B. Upconversion mechanisms

The long lifetime of6F5/2 for CsCdBr3:Dy31 is favorable
for upconversion processes involving this multiplet after N
excitation. 6F3/2 excitation also leads to6F5/2 population by
a fast multiphonon relaxation across the small energy
corresponding to 4.7 high-energy phonons. This is confirm
by the fact that even at 10 K no6F3/2 luminescences can b
induced by direct excitation into this multiplet. Thu
upconversion-luminescence spectra always look similar,
dependent of which of the two multiplets,6F5/2 or 6F3/2, is
originally pumped by the excitation source.

Basically, upconversion can occur by two different pr
cesses, radiatively by an excited-state absorption~ESA! or
nonradiatively by an energy-transfer upconversion~ETU!
between two excited ions.1,25A distinction of the two mecha-
nisms can often be made on the basis of energy argum
Energy-transfer processes are most efficient when the e
ing laser is resonant with a ground-state absorption.
energy-transfer step itself can then be phonon assisted.
efficiency of an ESA upconversion process is determined
both the radiative ground-state and the excited-state abs
tion step. We therefore often find efficient upconversi
when the laser is resonant with the second step, i.e., the
step. A clear distinction between ETU and ESA processe
possible by their different time evolution after an excitati
pulse of a few ns width.26,27 The radiative ESA process oc
curs within the pulse width leading to an immediate decay
the upconversion-luminescence intensity after excitati
whereas the nonradiative ETU process is characterized b

FIG. 7. Energy-level diagram of Dy31 with two possible ESA
mechanisms after excitation into6F3/2 ~a! and 6F5/2 ~b!, respec-
tively. The cross-relaxation step preceding ESA is indicated w
dashed arrows, the multiphonon-relaxation step with a curly arr
-
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observable rise after the laser pulse, followed by a dec
This distinction is possible when the pulse width is mu
shorter than the time constant of the relevant energy-tran
step.

The upconversion-luminescence transient, obtained un
pulsed 6F5/2 excitation~Fig. 6! clearly shows the latter be
havior. It will now be analyzed in terms of possible energ
transfer upconversion processes. Starting from6F5/2, two
ETU mechanisms for the population of the dominant em
ting multiplet 4F9/2 are energetically possible. They a
shown in Fig. 2: In the first process~a!, the whole 6F5/2
excitation energy is transferred, leading to a population
4M21/2. Inspection of the energy levels in Table I shows th
the process 6F5/2(1)16F5/2(1)→6H15/2(3)14M21/2(4) is
resonant to within one wavenumber. The numbers in bra
ets designate the crystal-field levels of the respective mu
let. Because 4M21/2 is separated by eight high-energ
phonons from4G11/2, multiphonon relaxation to4F9/2 is not
efficient. In order to explain the predominant4F9/2 upcon-
version luminescence, a subsequent cross-relaxation
4M21/21

6H15/2→4F9/21
6H13/2 has to be included in the

pathway @see dashed arrows in Fig. 2~a!#. Supporting evi-
dence for this cross relaxation was found in the luminesce
spectra directly excited into4M21/2, which show strong
4F9/2 emission and only very weak4M21/2 emission.4F9/2
can also be populated by an ETU process in which only
energy difference between6F5/2 and 6H13/2 is transferred
@Fig. 2~b!#. This process is nonresonant. It releases at le
187 cm21 into the phonon system. The relative importance
the processes~a! and~b! in Fig. 2 cannot be evaluated on th
basis of energy arguments alone. However, the analysi
the time-dependent measurements presented in Sec.
will allow a clear distinction: The mechanism 2~b! will
turn out to be dominant.

The most striking features of the upconversion-excitat
spectra in Fig. 4 are the prominent hot lines at 12 1
12 177, and 13 181 cm21. From their temperature depen
dence they obviously correspond to a thermally activa
process. The 13 181-cm21 line corresponds to the energy di
ference between6F5/2(1) and 4I 13/2(5) and is therefore as
signed to the ESA process~a! in Fig. 7. Despite the fact tha
the ESA step originates in6F5/2(1) it is overall a thermally
activated process for the following reason. The energy
ference between the excited-state absorption and the gro
state absorption step6H15/2(1)→6F3/2(1) is 5 cm21. This is
significantly larger than the homogeneous linewidth at 10
and thus the process is not resonant and not efficient. At
and 295 K the situation is completely different. Homog
neous linewidths exceed 5 cm21 and the efficiency of the
ESA upconversion process increases by at least two orde
magnitude; see Fig. 4.

The situation is more complicated and more interest
for the very prominent 12 164- and 12 177-cm21 excitation
lines in Fig. 4. With their sharpness even at 295 K they sh
the typical behavior of ESA excitations. Analysis of Table
shows that the two lines match the energy differen
6F9/2(1)→4F9/2(4) and 6F9/2(2)→4F9/2(4), respectively.
In assigning the two lines to these ESA transitions we h
the supporting Judd-Ofelt calculation which gives a high
cillator strength of 2.131026 for the 6F9/2→4F9/2 transition.
But how do we obtain6F9/2 population in the first place?
The ground-state absorption step6H15/2→6F5/2 must be fol-

h
.
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lowed by a very efficient cross-relaxation step6F5/2
16H15/2→6F9/21

6H13/2 as shown by the dashed arrows
Fig. 7~b!. This process is energetically favorable, and it
supported by the following important nonobservation. T
two lines at 12 164- and 12 177-cm21 are missing in an up-
conversion excitation spectrum using 10-ns pulse excitat
whereas the other upconversion excitations can be perfor
by pulsed or cw excitation. This is in excellent agreem
with our postulated upconversion mechanism at these
energies, in which the ESA step is preceded by a nonra
tive cross-relaxation step, which is slow compared to
excitation-pulse width. The latter cannot take place with
the 10 ns of the laser pulse, and thus the sequence of ste
only possible if the pulse width is at least of the same or
of magnitude as the time constant of the intermediate cr
relaxation step. This condition is obviously fulfilled in th
limit of cw excitation, where a steady-state6F9/2 population
is created. The 12 164- and 12 177-cm21 lines in the cw
upconversion-excitation spectrum increase in intensity w
increasing Dy31 concentration, in excellent agreement with
concentration-dependent cross-relaxation step in the me
nism.

C. Dynamics of upconversion

The observed rise in Fig. 6 of the upconversio
luminescence transients after pulsed6F5/2 excitation is a fin-
gerprint for an ETU process. Energy transfer can occur
electric multipole or exchange interactions, which are b
strongly distance dependent.28,29 Therefore in host lattices
with a statistical distribution of dopant ions a whole range
transfer-rate constants is usually contained in such transie
thus complicating the analysis of experimental data. If triv
lent rare-earth ions are doped in low concentration i
CsCdBr3, pair centers with a well-defined shortest ion-io
separation of about 6 Å are predominantly formed.11 There-
fore, the energy transfer behavior should be dominated
the intradimer transfer processes as long as energy migra
between the dimers can be neglected. This greatly simpl
the analysis, and the intradimer process should be re
sented by a single transfer rate constantWt . In the following
analysisWt will be determined.

Buisson and Vial have analytically analyzed a dimer si
ation in terms of rate equations.30 This procedure was the
applied to extract energy-transfer rate constants fr
upconversion-luminescence transients of CsCdBr3:Er31.2

The situation is schematically represented for a three-le
system in Fig. 8. The following processes are included in
model: Both ions of the dimer are initially excited to th
intermediate state 2. State 3 is subsequently populated b
energy-transfer step with a rate constantWt . State 3 will
then decay to both states 2 and 1. Because the branchin
state 2 does not lead to a situation from which state 3 ca
repopulated by a further upconversion step within the i
lated ion pair, this branching is omitted in the analysis a
W3 represents the total relaxation of state 3. As both ion
state 2 can decay individually to the ground state and as
excitation of the partner ion is lost for an upconversion p
cess after one ion has decayed, the rate constantW2 has to be
multiplied by a factor of 2 in the rate equation.

The system of linear differential equations resulting fro
these assumptions can be solved analytically, leading to
e
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following temporal behavior of the populationN3 of state 3
after excitation of both ions into state 2:30

N3~ t !5k~e2~2W21Wt!t2e2W3t!. ~5!

In this difference of two exponentials, the bigger expone
determines the rise of the transient, whereas the smaller
determines the decay. One time constant corresponds
rectly to W3 and the other one contains both 2W2 and the
transfer-rate constantWt . For a determination ofWt we re-
quire independent measurements or estimates ofW2 andW3 ,
the decay-rate constants of the intermediate and final le
in a single ion, respectively. This is possible f
CsCdBr3:Dy31 as shown below.

Of the two possible mechanisms~a! and ~b! in Fig. 2 the
mechanism~b! will emerge as the correct one in the analys
For this mechanism the levels 1, 2, and 3 of Fig. 8 can
assigned to6H13/2, 6F5/2, and 4F9/2, respectively. The fit of
Eq. ~5! to the 10-K upconversion transient of th
CsCdBr3:0.2% Dy31 crystal in Fig. 6~a! is excellent. The
inset of the figure shows that the decay part is perfec
single exponential over three orders of magnitude. The
and decay times of 107 and 546ms, respectively, can now b
assigned toW3 and 2W21Wt or vice versa. The lumines
cence lifetimes of6F5/2 and 4F9/2 at 10 K determined by
direct excitation are 1200 and 105ms, respectively; see
Table II. We can thus immediately assign therise time of the
upconversion transient to thedecay of 4F9/2:W3
51/105ms59520 s21. The decay part of the transient is the
attributed to the decay of the intermediate level and
energy-transfer process: 2W21Wt51/546ms51830 s21.
InsertingW251/1200ms we obtain for the energy-transfe
rate constantWt5165 s21.

The alternative mechanism~a! in Fig. 2 would lead to a
transient consisting of three exponential terms with in
vidual prefactors, two of them describing the feeding
4F9/2 and one describing the decay. This transient could
be fitted by Eq.~5!. This alternative mechanism to popula
4F9/2 is therefore ruled out by the temporal behavior of t
upconversion-luminescence intensity.

In CsCdBr3:Er31 transfer-rate constants determined by
similar analysis have been reported for several upconver
processes.2 Wt values range from 128 to 1942 s21. Our Wt
5165 s21 for CsCdBr3:0.2% Dy31 is at the lower end of this

FIG. 8. Schematic three-level system for the isolated ion-p
model with rate constants for the relevant processes. Radiative
nonradiative processes are indicated by full and broken arrows
spectively.
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range. The ET upconversion process is thus very ineffic
and just barely competitive with other radiative and nonra
ative processes in our system.

The upconversion transient of the CsCdBr3:1% Dy31

crystal @Fig. 6~b!# shows some small but significant devi
tions from the ideal behavior of the more diluted syste
Both the rise and the decay are somewhat faster and
decay is no longer purely single exponential. We attrib
these deviations to the onset of energy migration, particul
in the long-lived intermediate state6F5/2. Evidence for en-
ergy migration at a doping level of 1% has been reported
Cs3Lu2Br9:Er31.26 It generally leads to a shortening of th
rise and decay times as observed here. Evidence for the o
of energy-transfer processes between dimers is also prov
by the observed enhancement in the concentrated cryst
the ESA upconversion induced by the lines at 12 164
12 177 cm21, which requires a cross-relaxation betwe
dimers.

V. CONCLUSIONS

The choice of a low-phonon energy host lattice is cruc
for obtaining upconversion in a Dy31-doped crystal. This is
due to the particular energy-level structure of Dy31. In high-
energy phonon hosts the lifetimes and thus populations
.
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potential intermediate states are reduced by multiphonon
laxation, thus reducing the probability of upconversion p
cesses.

The present study demonstrates the feasibility of NIR
VIS upconversion in Dy31-doped CsCdBr3. Due to the
dimer structure of the Dy31 centers in diluted CsCdBr3 a
perfect match is obtained between the observed upcon
sion transient after pulsed excitation and a very simple dim
model. The transfer-rate constantWt5165 s21 for the
energy-transfer upconversion step within the dimer is v
small, and thus upconversion is not competitive with oth
deactivation processes, particularly at higher temperature

Despite the fact that CsCdBr3:Dy31 is insensitive to mois-
ture, its potential as an upconversion material is small. T
situation might change significantly, however, if two excitin
lasers could be tuned to the most efficient ground- a
excited-state absorption steps. We are presently explo
the use of two tunable laser sources.
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