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Pair processes in CsCdBr3:Er +: A study by up-conversion and excited-state absorption
of efficient uv and blue anti-Stokes emissions
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Excitation in the S3/2 F7/2 OI F5/2 levels results in efficient anti-Stokes emissions between 25 300
and 32600 cm . Up-conversion is due to an energy transfer in symmetric pairs, which are the dom-

inant center in this compound. To determine transfer rates for this mechanism, transients of D5/2 and

69/p levels have been studied using excited-state absorption in the F9/2 state. Detailed excitation spec-
tra have also been recorded for these high-energy levels. A close examination of fluorescence dynamics
for these various excitation paths showed the importance of competing pair relaxations in this system.

I. INTRODUCTION

Energy transfer between ions in dimers or larger aggre-
gates can be very e%cient in rare-earth-doped com-
pounds. Especially, anti-Stokes emissions can be ob-
tained by the interaction of several simultaneously excit-
ed ions. This phenomenon has been demonstrated in
many compounds where isolated ions are the dominant
centers. ' In this case up-conversion can be used to
identify aggregate excitation and emission lines. Indica-
tions on the nature of the energy transfer can also be de-
duced from the variation of the transfer rate with in-
terionic distance. New, compact, diode-pumped, up-
conversion lasers could also be based on this process for
such laser operation has only been demonstrated in hosts
with a random distribution of rare-earth dopants.

CsCdBr3 which belongs to the AMX3 family has the
hexagonal structure of CsNiC13. This crystal is a very in-
teresting matrix for such studies because trivalent impuri-
ties enter this host nearly only as charge compensated
complexes. ' Two dimers can be observed in
CsCdBr3:M +. The first one involves two equivalent ions
separated by a vacancy (M -vacancy-M +). The dis-
tance between them is about 6 A. Apart from this dimer
a small number of nonsymmetric pairs (M +-M +-
vacancy) is also found. In these complexes the crystal
field for the central ion is very close to the one for ions in
symmetric pairs. The other ion has levels slightly apart
from the first one. An energy transfer between these non-
equivalent centers has also been observed for Nd +- and
Er +-doped samples. "' Up-conversion is usually found
to occur from doubly excited pairs for symmetric dimers
in rare-earth-doped CsCdBr3, for example, with Pr +, '

3+ 14 T 3+ 15 F 3+ 16—18, 12

Dynamics of these emissions can also be studied espe-
cially to evaluate the up-conversion transfer rates. In this
case, it is usually necessary to measure independently the
lifetime of the highest emitting level which should exhibit
the simplest behavior in up-conversion. For infrared ex-
citations, emissions corresponding to two-photon absorp-
tion come from levels easily excited by visible emitting
sources. But when excitation energy lies itself between

450 and 550 nm, levels of energy as high as 38 000 cm
can be easily reached through up-conversion. Direct ex-
citation in this region is more complex and requires fre-
quency laser doubling or UV sources. ' ' Another possi-
bility is to use again an up-conversion process: two tun-
able dye lasers operating in the visible region can achieve
excited-state absorption (ESA). We found this last
method eKcient enough to allow detailed excitation and
emission spectra of high-lying levels to be recorded along
with the fIuorescence transients for CsCdBr3..Er +.

Decay analysis is also difticult because of the several re-
laxations possible from a pair state. For example, Tal-
lant, Miller, and Wright showed in CaF2 that cross re-
laxation could compete e%ciently with multiphonon re-
laxation in Er + dimers. In this case the addition of
several processes yields to decay curves very different
from those expected from single-ion relaxations. For
anti-Stokes emissions the same kind of competition be-
tween mechanisms can occur to populate a given state.
These emission transients depend therefore strongly on
the initial pair state.

In this paper, we present results on emissions from the

G9/2 G]]/$2 and D5/2 levels obtained under various
excitations. First, site selection with excitation in the
F7 /2 level confirmed the nature of the up-conversion

process. ESA then provided details on the energies of the

D5/2 and "G9/2 sublevels. Finally a detailed description
of the dynamics of the most intense anti-Stokes emissions
is given for the different excitations.

II. EXPERIMENT

Experiments were performed on a monocrystal grown
by the Bridgman method under a bromine atmosphere
after drying of the starting products. The nominal Er +

concentration of the sample was 0.1%.
A CTI Cryogenics cryostat cooled the sample down to

10 K. All spectra and transients were recorded at this
temperature. Luminescence was analyzed by a Jobin-
Yvon HR1000 spectrometer and an RCA 56 TVP or a
cooled Hamamatsu R628 photomultiplier. Appropriate
filters were used to suppress scattered laser light.
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Fluorescence transients were recorded by a Tektronix
7912AD digitizer interfaced with a PC-AT microcomput-
er.

CW excitations were provided by a Coherent Innova
300 argon laser pumping DCM dye in a 590 dye laser
with 0.06-nm bandwidth. A nitrogen pulsed laser Sopra
2001 pumped a Molectron dye laser to produce excitation
between 548 and 370 nm with coumarin 485, 481, 460,
and BBQ dyes (0.08-nm bandwidth). The experimental
setup for ESA experiments is presented in Fig. 1. Low-
power UV excitation was generated by a 150W XBO Xe-
non lamp filtered by a Jobin-Yvon HD10 double mono-
chromator.

III. UP-CONVERSION LUMINESCENCE

A. Doubly excited dimers

Excitation in the F7/2 level at 20347 cm ' [corre-
sponding to the I,5/2(l)~ F7/Q(2) transition] yields to
strong anti-Stokes emissions between 25300 and 32600
cm '. Seven emission regions are observed between 307
and 311 nm [Fig. 2(a)], 317 and 323 nm [Fig. 2(b)], 335
and 339.S nm [Fig. 2(c)], 359.S and 361.5 nm [Fig. 2(d)],
365 and 375 nm [Fig. 2(e)], 382 and 390 nm [Fig. 2(f)],
and between 390 and 395 nm [Fig. 2(g)]. In order to
determine the nature of this fluorescence, variation of the
emission intensities versus excitation power was studied.
Each observed emission showed a quadratic dependence
on the pump beam intensity which corresponds to a two-
photon process. Figure 3 shows the experimental data
obtained for C, B, and F emissions.

All observed anti-Stokes emissions present the same ex-
citation spectrum which consists of two peaks at 20 347
and 20 393 cm ' [Fig. 4 curve (b)]. A previous study'
carried out on several Er +-doped and Er +-Yb +-
codoped CsCdBr3 samples allowed us to identify by site
selection the two charge-compensated dimers possible in
this matrix (see the Introduction). This was performed
by analyzing the S3/2~ I15/2 transition with excitation
in the F7/2 level. In the nonsymmetric dimers, the cen-
tral ion levels are extremely close to those of Er + in
symmetric complexes and slightly apart from the other
ion of the pair. Moreover, a strong energy transfer cou-

ples the ions of nonsymmetric complexes so that excita-
tion spectra of the S3/2 emission always include lines
from the two dimers [Fig. 4 curve (a)]. However, excita-
tion spectra of the anti-Stokes emissions only show the
lines corresponding to the symmetric complexes [Fig. 4
curve (b)]. This confirms that this process can only occur
in simultaneously excited pairs and is produced by an en-
ergy transfer between two ions in the F7/2 state.

If one ion transfers all its energy to its neighbor during
the up-conversion process, the level reached is the I»/2
state, lying at 40800 cm ' above the ground state in
CsMgC13. ' Other articles on energy levels of rare-earth
ions confirm this position. ' In the following most of
the levels are labeled according to Dieke and
Crosswhite. We also used Carnall's notation for some
high-energy levels.

Emissions located between 335 and 339.5 and 382 and
390 nm have already been observed in CsCdBr3. Er + by
up-conversion from cw or pulsed excitations in the
4 16, 17 4 4 18,24 4
S3/2 I11/2 I9/2 and F9/2 levels. They have12

been respectively attributed to the G9/2 + I13/2 and the
G»/2~ I»/2 transitions. Concerning the other emis-

sions, the large number of Er + levels allows them to cor-
respond to several transitions. To attribute these emis-
sions more clearly, Auorescence under UV direct excita-
tion has been studied.

B. UV excitation

A xenon lamp filtered by a double monochromator
provided direct excitation in the levels located between
26882 and 40000 cm '. Previously observed emissions
were recorded under these conditions. Excitation spectra
in this region show a few levels (Fig. 5). The fluorescence
yield under this excitation is weak and the analysis of
these results can only give a first approximation on the
average energy of these states [Table I (top)]. A compar-
ison between our values and some published data is
presented in Table I (bottom). From these energy posi-
tions, observed emissions can be more precisely attribut-
ed (Table II). It is worth pointing out that the level of
highest energy recorded in emission or excitation is
D~/2. In particular, no emission from the I»/2 level

was observed.

C. Excited-state absorption

FILTER

I

PUESED
EXCITA TION

I

I

FILTER

I FM

FIG. 1. Experimental setup for excited-state absorption ex-
periments.

We have completed the study of the levels implied in
the up-conversion process by ESA measurements because
UV experiments could not give the fine structure of these
levels due to the poor resolution of the excitation device
(6 nm) and their low absorption. The lifetimes of these
levels were also necessary for the treatment of the Auores-
cence transients.

ESA was performed using first a cw excitation from a
dye laser in order to populate the 4F9/2 levels of Er +.
This excitation, fixed at 15 152.5 cm, was resonant with
the I»/z(1) —+ F9/p(2) transition which is the most in-
tense absorption to the F9/2 level. At low excitation
power, a stationary state is obtained for the F9/2 level
and levels of lower energies. We maintained a low beam
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intensity to avoid strong anti-Stokes emissions from the
4 2 4 4 2 4
S3/2 H11/2 F7/2, F5/2 II9/2 G11/2 levels which can

be obtained when excitation power is increased. ' A
second excitation, pulsed and tunable, from another dye
laser pumped with a nitrogen laser allows absorption
from the F9/2 excited state to be recorded. The energy
range between 34230 and 42032 cm ' can then be ex-
plored using several dyes.

For each excited level, the linear dependence of the
emission intensities on the power of each excitation was
checked. In particular, no emission could be observed
when blocking the red beam. This result confirms the
lack of resonance of the pulsed excitation with any transi-
tion from the ground state. The measurement of the
fluorescence transients of the directly excited levels also
confirms the ESA process since these decay curves exhib-
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FIG. 2. Emission observed under excitation in the I'7&2 level: (a) I'3/2~ I»z&, (b) Ds/2~ I»/2, (c) G9/2~ I»/2, (d)
4Ds/2~ I1)/2, (e) G9/2~ Iis/2 (f) G»/2~ Iis/2 and (g) Ds/2~ I9/2 ~

4 2 4 4 4 4 4
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1000—

100-

onant with the I,~/2~ F9/2(2) transition, the 4F9/2(1)
sublevel located at 15 134.2 cm ' (Ref. 16) is also popu-
lated by relaxation from F9/2(2). The energy gap be-
tween these two sublevels (18 cm ') is therefore found
between the lines corresponding to transitions to the
same 69/2 sublevel. Energies of the G9/p sublevels are
listed in Table III.

2. Excitation in the D5/2 and D7/2 levels

0.1
Power (arb. units)

FIG. 3. Power dependence of (C), (E), and (B) up-converted
emissions.

it no rise time.
Concerning the two different types of pairs, ESA can

excite both of them as in direct excitation experiments
and cannot select the symmetric complexes like up-
conversion in doubly excited pairs. However, we will as-
sume that the nonsymmetric pairs, which are a minor
center, contribute for a small part only in the Auores-
cence spectra. To ensure that excitation spectra and
Auorescence transients also mainly reflect the M +-
vacancy-M + dimers, a large bandwidth analysis was
used.

To reach the energy range comprised between 37 130
and 38 680 cm ' coumarin 440 dye was used for pulsed
excitation. Under double pumping, the excitation spec-
trum monitoring the G9/p I]3/2 emission is presented
in Fig. 7. We divide it into five spectral regions.

Between 22000 and 22 150 cm ', two excitation peaks
observed at 22017 and 22019.5 cm ' [Fig. 7(a)] are also
observed without red excitation. They do not correspond
to an ESA process but to the I,5/2~ F»2 transition.
Similarly, the line centered at 22412.7 cm [Fig. 7(b)] is
attributed to the I&5/2 F3/p transition.

The strong excitation lines observed between 22700
and 23 150 cm ' [Fig. 7(c)] disappear when the pumping
in the F9/2 level is turned off. We attribute these lines to

1. Excitation in the 69/2 level

Er + ions being excited in the F9/p level at 15152.5
cm ', the coumarin 481 dye covers the energy range be-
tween 34228 and 36 650 cm '. In this case, emissions at-
tributed to the G9/2~ I]3/ (C2) and G„/2~ I,5/~ (F)
transitions are observed with a significant intensity.

F9/2 + G9/2 excitation spectrum monitoring ( C)
emission is shown in Fig. 6. The cw excitation being res- 220

4 4
I15/z D5/z

I I I I

240 260 280
Wavelength (nm)

(b)
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I
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I

A
I

A
I

A
I

(b)
20300 20350 20400

Energy (cm ')
20450

I

250 270 290 310 330 350 370
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FIG. 4. I)5/2 ~ F7/2 excitation spectra monitoring (a)
Stokes and (b) up-converted emissions.

FIG. 5. Excitation spectra obtained under direct UV excita-
tion. (a) monitoring G9/2 ~ I/3/2 (b) monitoring
4~ 4 y.ll/2~ ~ 15/2
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TABLE I. (Top) Observed excitation peaks and correspond-
ing levels monitoring C and F emissions under direct UV excita-
tion. (Bottom) Energy levels of Er + in CsCdBr3 in comparison
with Er + levels in other compounds.

4~ cd

I I I I

Analysis
(nm)

338

387.7

Excitation
(cm ')

38 314
36 230
33 784
32 680
31 645
27 777
27 100

Level

4
Ds/2

4
G9/2

4
G7/2

2
K]3/2
2

K 15/2
2
G9/2

80900

O O "CI "Cf

I I I I

M~M~

21000 81100 2i200

Energy (cm )

21300

Level

2
G9/2

2K 15/2
2

G7/2
2

2K ]3/2

Gs/2
4
G7

2
Ds/2

4
G9/2

4
Ds/2

4
D7/2

2I]1/2
2I]3/2

CsCdBr3..Er'+

27 100
27 777

31 645
32 680

33 784

36 266.7
38 094.9
38 579
40 800'

Er + (aq)

(Ref. 21)

27 400
27 800
28 000
31 600
33 200
33 400
34050
34 850
36 550
38 600
39 200
41 150
43 550

La202S:Er +

(Ref. 22)

27 425

27 800
31 230
33 000

34081
34 680
36 420
38 365

FIG. 6. F9/2 ~ G9/2 excitation spectra monitoring

G9/2 ~ I]3/2 emission. (Transition labels refer to Table III.)

other peaks. We attribute these lines to ions in nonsym-
metric pairs. Energies of the D5/2 sublevels are reported
in Table III.

Weak lines between 23 150 and 23 300 cm ' [Fig. 7(c)]
have not been clearly identified. They are observed only
under double pumping and could correspond to three-
photon processes.

Finally, the excitation lines recorded at 23443.5 and
23426.6 cm ' [Fig. 7(d)], which are separated by 17
cm ' and due to an ESA process, are attributed to the

F9/2 ~ D 7/2 transition. This gives an energy of 38 579
cm ' for the D7/2 level.

'In CsMgC13 (Ref. 19). 3. Excitation at higher energy

the F9/2~ D»2 transition because emissions from the
D5/2 level exhibit no rise time under this excitation. The

energy of the "D»2 level deduced from the double pump-
ing (around 38000 cm ') is also in agreement with UV
excitation. Finally, the energy gap of 18 cm ' corre-
sponding to the separation of the F9/2(2) and F9/2(1)
sublevels is again found in the spectrum. However,
analysis of the fluorescence decays showed that excita-
tions at 22 858.8 and 22 876.2 [indicated in Fig. 7(c) by ar-
rows] give a slightly different result than excitation in the

We used in this case BBQ dye to excite levels between
40466 and 42032 cm ' with ESA from the F9/2 level.
A complex spectrum between 25 800 and 26400 cm ' is
obtained when monitoring the 69/2~ I]3/2 transition
[Fig. 8(a), (2)]. This spectrum is largely unchanged when
the red beam is blocked except for the line at 25983
cm '. This peak is attributed to the I»/z 69/2 tran-
sition. Under this assumption the energy of the "G9/2(1)
sublevel is found to lie at 36143 cm ' in reasonable
agreement with the value found for ESA in the 69/2 lev-

el. Decay curves obtained in these two excitation
schemes are also similar.

All other lines correspond to absorptions from the

Label Energy (cm ') Transition

TABLE II. Energies and assignment of anti-Stokes emissions
recorded under excitation in the F7/2 level. TABLE III. Energies (cm ') of the D5/2 69/2 and G»/2

sublevels.

8
C
D
E

G

32 573.3—32 154.3
31 545.7—30 959.7
29 850.7—29 455. 1

27 816.4—27 662.5
27 397.3—26 666.7
26 178.0—25 641.0
25 641.0—25 316.4

2 4P3/2~ I]s/2
4 4Ds/2~ I]
4 4

G9/2 ~ I13/2
4 4
D5/2 ~ I]1/2

2 4
G9/2 ~ I15/2

4 4
G11/2 ~ I]5/2
4 4D 5/2 I9/2

Label

C

d

4
G9/2

36 162.6
36 168.0
36 332.8
36 370.7

4D 5/2

37 936
38 014.8
38 253.8

4
G]1/2

26 026.3
26 033.4
26 269.4
26 276.6
26 322.9
26 341.1
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ground state to the G»/2 level. This is clearly shown by
the identical excitation spectra obtained by monitoring
the G9/p~ I/3/p or the G»/2 + I—»/2 transitions [Fig.
8(a)]. This also suggests that up-conversion under excita-
tion in the 6»/z level is not due to energy transfer in
doubly excited pairs but to an ESA process. This ex-
planation has also been suggested for the same excitation
in CsMgC13. Er +. ' Another possibility to account for
these results is to consider an overlap between
I&5/2~ G»/z absorptions of ions in nonsymmetric di-

mers so that these complexes could also be doubly excit-
ed. From the most intense lines of these spectra we
determined the energies of the 6&&/2 sublevels of Er + in
symmetric pairs, taking into account the second sublevel
of the fundamental multiplet at 30 cm ' because its pop-
ulation cannot be neglected at the sample temperature
(Table III).

Excitation lines observed only under double pumping
between 25 550 and 25 700 cm ' [Fig. 8(b)] have a struc-
ture very close to the one obtained in the ESA experi-
ment for the D5/z level. For example, relative energy
positions of the lines dier only by 1 or 2 cm ' between
the two experiments. From these results, it seems very

unlikely that these lines could correspond to transitions
from the F9/2 level. We rather suggest that these lines
originate from the I9/p D5/2 transition. In this case
the energies of the first three components of the D»2
level are in excellent agreement with those found for ESA
in the D5/~ level (di6'erence smaller than 2 cm ').

In this experiment, we were not able to record a transi-
tion to the I&&/z level. This is perhaps explained by the
proximity between the energy of this level [estimated at
40800 cm ' (Ref. 19)] and the absorption of the host
(40000 cm ') (Refs. 25 and 26).

IV. ANTI-STOKES FI.UORESCENCE DYNAMICS

A. Introduction

Time-resolved anti-Stokes emissions of the 69/2 and
G

~ & /p levels have been recorded using diff'erent up-
conversion processes: excited-state absorption to reach
the D~/2 and 69/2 levels or energy transfer in doubly
excited pairs in the S3/2 F7/2 and "F~/2 levels. In
some cases, the decay of the D5/2 level was also mea-
sured.

(b)

21950 22050

Energy (cm ')
22150 22370 22420

Energy (cm )

22470

(c)

22700 22900 23100 23300
Energy (cm )

23300
I

23350 23400 23450

Energy (cm )

23500

FIG. 7. (a) I»&2~ F, /2, (b) I»&2~ F3/z (c) F9/2~"D5/2, and (d) "F9/&~ D7/2 excitation spectra monitoring G9/2~ I,3/2
emission. (Transition labels refer to Table III.}
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As shown, for example, in Figs. 11(a), 13(a), 15(a), and
17(b) for the "G9&2 level, each excitation results in a par-
ticular fluorescence dynamic, often complex and not ex-
plained by usual multiphonon relaxation schemes. In
general, mechanisms proposed to explain and fit these ex-
perimental curves are based on cross relaxation inside a
Er + pair which is the dominant center in this material
(see the Introduction). This implies that pair states and
not ion levels have to be considered in the treatment of
the fluorescence dynamics, even if the levels are not ener-
getically affected by pair effects. As a matter of fact,
splitting of rare-earth ions due to pair interaction scarce-
ly exceeds a few tenths of cm '. ' If i and j designate
two levels of the ion, the decay rate tu(i, j) of the pair
state (i,j ) is obtained by the relation

w(i,j)=A;+0 +wT(i,j),
where 0,- and Q. are the ions' relaxation rates and
wT(i,j ) the total probability of transfer between the ions
in i and j states.

Difficulties sometimes arise in decay measurements be-

cause emission from a level can be due to several pair
states of different lifetimes. Complexity of this problem
increases when the energy difference between the excited
and analyzed levels is large. Moreover, precise deter-
mination of wT(i,j ) when i and j are excited levels is only
possible when wT(i, g) and mT(j, g) (g designates the
ground state) are negligible compared to w;, wj, and
w r (i,j ) D. oubly excited states (i, i ) can also modify the
value of w (i,g) when the excitation power density is high.
To take into account strong energy transfer, u; can be ac-
cessed by measuring samples codoped with trivalent and
monovalent ions. In this case M +-M dimers are
formed in which the trivalent ion is in a site close to that
of ions in M +-vacancy-M + complexes. Energy
transfer is, however, not possible in mixed dimers. In op-
position, isolated ions in single-doped compounds do not
provide reliable values because of their low concentration
and their crystallographic sites which differ from pair
ones.

When the final state is known (from energy conserva-
tion, for example), analysis of the processes which pro-
duce it must often include several simultaneous mecha-
nisms with various numbers of intermediate states.
This is especially true for Er + ions which have a large
number of levels under 40 000 cm

Most of the proposed mechanisms in our interpretation
include only one intermediate level between initial and
final states. Figure 9(a) illustrates the following mecha-

C4

(2)

C2

I I I
I

I

25800 25900 26000 26100 26200 26300 26400

Energy (cm ')

(A)

Cl

c2

I
' '1I

I I

25500 25550 25600 25650 25700 25750

Energy (cm )

el

FIG. 8. (a) I»/2 —+ G»/2 excitation spectra monitoring (1)
Gll/2~ I»/2 and (2) G9/2~ I/3/2 emissions. (+ corresponds

to I»/2~ G9/2 transition. ) (b) I9/2 + D5/2 excitation spec-
trum monitoring G9/2 ~ Il 3/2 emission.

FIG. 9. (a) Successive cross-relaxation processes in a pair. (b)
Up-conversion by energy transfer in a doubly excited dimer.
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nism:

(e4,g) —+(e2, el)~(e3, g) . (M 1)

443 4 43—
W4 W3

W N
[exp( —w 4t ) —exp( —w3t )],

Population of the (e4,g), (e2, e 1), and (e3,g) pair states is
described by the following equations where
N4=N(e4, g), N3=N(e2, el), N3=N(e3, g):

dlV4

dt
w4%4 )

N2=
43W4$32W3N4

(w4 —wz)(w3 —W4)(w3 —wz)

X [(wz —w3)exp( —w„t )+(w4 —w2)exp( —w3t)

+(w3 —w4)exp( —wzt)] .

d%3

dt

F2

= —W3N3+ $43W4N4,

= —w3N3+ $33W3N3

(2)

(3)

X4 is the initial population of the pair state number 4.
A second process which can compete with (Ml) is the

multiphonon relaxation from the (e4, g) state to the
(e3,g ) state [process (M2)]. Equation (3) then becomes

w; is the relaxation rate of pair i and P;~ the branching ra-
tio from i to j. The solutions of these equations are

dX& = —w2Nz+p 32W3N3+1t143W4N4

N4 =N4exp( w4t ), (4) and the new solution is

$43W4$33W 3N4
0

N2= [(wz —w3)exp( w4t)+(—w4 —wz)exp( w3t)+—(W3 —w4)exp( —w2t)]

04zw4N4
0

+ [exp( —W4t) —exp( —w2t)] .
W2 W4

A typical temporal variation for Nz is presented in Fig.
10.

In this case, it is important to estimate the parameters
which determine the relative intensities of these two pro-
cesses for the population of the final state 2. These inten-
sities can be evaluated by the integra1

I~= I N(t)dt .

For levels 2, 3, and 4, this calculation gives the following
results:

I

branching ratios $41W4 and $32W3 are not necessarily con-
clusive on the condition $32) p4z, especially in the case
w 4 ))w 3 So, it is possible to observe a competition be-
tween (Ml) and (M2) even if the 3~2 relaxation is less
resonant than the 4~2 one.

The extension of this calculation to a process (Ql)
which involves n intermediate levels competing with a
second one (Q2) with m intermediate levels (with m (n)
gives the following results (i and j subscripts, respective-
ly, correspond to the final and initial states and P; to the

N4I4=
w4

I3= 443N'4

W3

N4I2= ($43/33+$42) .
W2

The relative intensities of the (Ml) and (M2) processes
in the I2 integral depend directly only on the P, branch-
ing ratios and not on the relative values of the di8'erent
transfer rates P,,w, . Two processes can compete only if
they satisfy the condition $43$3z-$43. This implies
tI)43 ) (j542 [colldlt1011 C 1)] aIld II)32 ) $4z [condition (C2)]
since all branching ratios are lower than one. Only the
first of these two necessary conditions can be simply eval-
uated by comparing the energy mismatches of the pro-
cesses starting from level 4. In our example, (Ml) can
compete with (M2) only if the relaxation probability from
level 4 to level 3 ($43W4) is larger than that of level 4 to
level 2 ($42W4). However, the relative values of the

0.0
I I

I
I I

0.2 0.4 0.6 0.8
Time (msec)

1.0

FICz. 10. Population of the final state computed with Eq. (8)
in the three-level model incuding competition between direct
(dashed curve) and indirect (dotted line) relaxations.
(w4=100000 sec '„w3=3000 sec ', w2=30000 sec ', and
0483144&'=2 91)
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difFerent branching ratios): B. Discussion

IQ1

IQ2f

with II=I/'+I/ . In order that IIO' =I/ the following
condition has to be satisfied:

n

0k) HNI .

General results on ESA

Fluorescence decays of the D»2 and 69/2 levels
directly excited by ESA exhibit a single exponential
behavior without any rise time. This confirms the assign-
ment of the emissions from these levels. The decay times
of the corresponding pair states are the following:

rI("D5/2, Ii5/2)~=1. 5 psec,

r[( G9/2, I15/2)j 3 3 p ec .

It is therefore difticult to appreciate in the general case
the possibility of a competition by considering only the
energy mismatches, except for very nonresonant mecha-
nisms leading to P; -0.

Most of the mechanisms proposed in the discussion
will include the more resonant direct relaxations compet-
ing with processes involving an intermediate level and
satisfying the (Cl) condition. For more complex process-
es, relaxations have been determined by comparing the
results of the different excitations and excluding poorly
resonant transfers since branching ratios between pair
states are dificult to measure. All energy mismatches for
the proposed relaxations in our interpretation are listed
in Table IV.

In order to establish the rate equations of the different
pair states which are implied in a mechanism, a
simplification has been made to use the preceding systems
of equations. %'e considered that the final states which
share a common level have a similar lifetime. As a
matter of fact, experimental decays are well described us-
ing this assumption.

The second value is in agreement with Ref. 17.
Concerning the different types of pairs, ESA does not

have the selectivity of the up-conversion in doubly excit-
ed dimers (Sec. III A). Hence, measured values of pair
state decay times can differ from those recorded in one
exciting beam experiment.

4 4 4 4
( G9/2, I15/2 )~( G„/2 ' I„/2 ) (P 1)

In this case, the decay measured for the G»/2 level
when excited in the 69/2 level corresponds to the
( G»/2, I»/2) pair state (which has therefore a 6-@sec
lifetime). This first result already reflects the special na-
ture of pair dynamic analysis evoked in Sec. IV A.

2. Absorption in the F9/2 excited states
to th'e G 9/2 leuel

The G»/2 level transient, analyzed by Eq. (5), exhibits
a 6-psec rise time and a 32.4-psec decay time. This sug-
gests a direct population of this level from the G9/2 level
which can be explained by the cross relaxation:

TABLE IV. Energy misrnatches of relaxations involved in the proposed processes for fluorescence
dynamics. Values smaller than 30 cm ' are not indicated for the corresponding transfers which are
considered to be resonant.

Pair relaxation

( Ds/2, I15/2)~( F9/2 F3/2)+227 cm '~( F9/2, Fs/2)
( Ds/2, I15/2)~( H»/2p S3/2)+539 cm '~( S3/2y S3/2)
( Ds/2~ I15/2)~( H9/2 I9/2)+1045 cm

4 4 4 4
( G9/2y I15/2)~( G11/2, I11/2)
( P3/2, I9/2)~( G7/2, I9/2)+3650 cm '~( G»/2, I9/2)

9/2 p 3/2 )~ ( G9/2 13/2 )

( H9/2 I9/2)~( G9/2, I15/2)+122 cm

Fs/2~ F5/2 )~( P3/2~ I9/2 )

( Fs/2, 4Fs/2)~( G9/2, I13/2)+1000 cm

F5/2 F5/2 )~{ H9/2 H11/2 ) +4 ~ ( H9/2 S3/2)
( Fs/2, Fs/'2)~( G7/2, F9/2)+731 crn '~( G11/2 4F9/2)

Fs/2~ S3/2)~( G7/2~ I9/2)~( G»/2~ I9/2)
( Fs/2, F9/2)~( G9/2 I15/2)+523 cm
{ F5/2 F9/2)~( H9/2 I9/2)+258 cm

F7/2~ F7/2 )~( Ds/2) I15/2 )+210
( Fj/2 F7/2)~( S3/2, S3/2)+2400 cm

F7/2 ~ F7/2 )~{ F5/2 & S3/2)
( S3/2, S3/2)~( G9/2, I15/2)4 4 4 4

( S3/2 S3/2)~( G»/2 I»/2)+239 crn

Process

(P2)

(P1)
{P7)
(P9)
(P3)
(P7)
(P8)
(P9)
(P6)

(P12)
(P2a)
(P3a)
(P10)
(P11)
(P12)

(P4) (P11)
(P5)



10 004 F. PELLE AND Ph. GOLDNER

3. Absorption in the I' 9/2 excited state
to the D5/2 level

(a) Decay of the G9/2 leve/ T. he time dependence of
the 69/2 level emission clearly shows that a simple mul-
tiphonon relaxation from the D5/2 level cannot explain
the experimental curve [Fig. 11(a)]. The long part of the
transient, with a decay rate of about 250 psec, does not
correspond to the ( G9/2 I15/2) pair state lifetime (35.3
@sec) and the rise process exhibits no short component in
agreement with the lifetime of the ( D5/2, I,5/2) state (1.5
psec). This can be explained by assuming that the intra-
pair cross-relaxation mechanisms dominate the
D5/2 —+ G9/2 multiphonon relaxation. Several cross re-

laxations involving small energy mismatches can occur
from the ( D»2, I»/2) state. Some of the pair states re-
sulting from these cross relaxations can relax very quick-
ly since weakly separated levels have a short lifetime. In
the following, we will not take into account such short-
lived states. However, they can be found in Table IV.

The triply excited pair states such as ( D3/2, F9/2) are
also neglected in our models, since the low power of the
continuous beam allows one to avoid up-conversion
without pulsed excitation which arises in doubly excited

dimers at 659.9 nm. '

Starting from these pair states a second cross relaxa-
tion can populate the G9/2 level through the
( 69/2, I»/, ) pair state. A pair state including the 6,/,
level with another excited level cannot be obtained since
the energy difference between D»2 and G9/2 levels is
too small. The possible transitions to ( 69/2, I,5/2) are

4 4 4 4
F5/2 & +9/2)~( 69/2& I15/2) &

4 4 4 4
S3/2 & S3/2 ) ( 69/2 & 15/2 )

2 4 4 4
( H9/2 I9/2)~( 69/2 I»/2) .

The relaxation from ( G»/2, I»/2) is not considered here
because we showed that upon direct excitation in the
69/2 level, (P 1) is the main process since no sign of back

transfer has been found.
From the ( Ds/2 Iis/2) pair state, two routes dissipat-

ing less than 600 cm ' for each relaxation step can be
proposed to populate ( G9/2 I15/2) through one inter-
mediate state:

( D 3/2 I,&3/2 )~ ( F3/2 & F9/2 )~ ( G9/2 &
I15/2 ), (P2)

4 4 4 4 4 4
( D3/2 & I,3/2)~( S3/2 & S3/2)~( G9/2 & I15/2) .

I

0.0 0.2
I

I
I

0.4 0.6 0.8
Time (msec)

1.0

A.s explained before (Sec. IV A) in the case of processes
involving several intermediate states, comparison be-
tween energy mismatches (Table IV) gives no definite in-
dication about the most probable process. On the other
hand, study of up-converted emissions resulting from ex-
citation in the S3/2 level (Sec. IVB5) shows that the
( S3/2 S3/2) pair state has a lifetime of 11 p,sec. This
value is not in agreement with the long rise process as
shown on the experimental curve [Fig. 11(a)]. The main
process to be considered is then (P2) (Fig. 12).

This process, well described by Eq. (5) since
7 ( D5/2 I13/2) is negligible, does not, however, give a
good approximation of the experimental data because it
cannot describe both rise and decay times, which are
longer than the ( 69/2 I15/2) pair state lifetime. The
only possible intermediate state ( H9/2 I9/2) is proposed
to take into account this discrepancy following this
scheme (Fig. 12):

4 4 4 4
( D3/2 I1S/2)~( FS/2 F9/2)

2 4 4 4
9/2& 9/2)~( 69/2& I,3/2)

(P3)

0.0 0.2 0.4 0.6 0.8
Time (msec)

1.0

FIG. 11. (a) 69/2~ I/3/p and (b) 6»/~~ I»/2 fluorescence
transients after excitation in the D, /2 level by ESA (stars, ex-
perimental result; solid curve, calculated curve).

The ( S3/2 S3/2) pair state is again not considered due to
its short lifetime.

The competition between (P2) and (P3) satisfies the
(Cl) condition concerning the resonance since the (P2a)
relaxation dissipates less phonons than the (P3a) process
(Table IV).

The resulting populations after addition of (P2) and
(P3) are described by Eqs. (1), (2), and (7) in which the 4,
3, and 2 levels represent, respectively, the ( F9/2 F5/2),
( H9/2 I9/2 ), and ( 69/2 I15/2) states.

A least-squares fit of the experimental curve has been
performed using Eq. (8) and the calculated curve is
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4
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4
F9/2

4
I 9/2
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tained in this way is anyhow a minimum.
Under excitation in the S3/2 level, good agreement is

observed between experimental and fitted curves (Fig. 13)
computed with Eq. (5). This confirms that neither
transfer between pairs nor the ESA process, which could
lead to anti-Stokes emission, occur. The excitation and
emission spectra recorded when exciting in the I'7/2 level
(Sec. III A) also show that Er + isolated ions or substitut-
ed in nonsymmetric dimers cannot give rise to up-
converted emissions. The same conclusion is valid for the
other excitations since up-converted emission spectra are
strictly similar in all cases. This is in agreement with pre-
viously reported results. ' '

5. Up-conversion with excitation in the S3/2 level

Decay of G9/2 and G»/2 levels. Under this excita-
tion, according to the energy of the involved levels, 69/2
and G»&2 can be directly populated to give the following
pair states (see Fig. 14):

4
1~3/2

115/2

4 4 4 4
( S3/2, S3/2)~( G9/2r Ii5/2) r

4 4 4 4
( S3/2, S3/2)~( G„/2, I„/2 ) .

(P4)

(P5)

FIG. 12. (P2) and (P3) pair relaxation processes.

presented in Fig. 11(a). The following parameters have
been determined using for wz the numerical value of the
( G9/2 Ii5/2) pair state lifetime measured in the ESA ex-
periment (Sec. IV 8 2):

w4 =w ( F9/z, F5/3 ) = 18 545 sec

w3=w( H9/2, I9/2)=4140 sec

443032042

(b) Decay of the G»/2 level. The G»/2 transient is
rather similar to the ( G9/3 Ii5/2) pair state one as
shown in Figs. 11(a) and ll(b), especially in their long
part. This can be interpreted by considering that the
G»/2 level is mainly populated from the ( G9/2 I]5/2)

state by the (P 1) process and by neglecting the
( G»/z, "I»/2) pair lifetime of 6 psec (Sec. IV 8 2).

I

50 100

Time (@sec)
150 BOO

4. General results on up-conversion
in doubly excited dimers

The case of up-conversion in doubly excited pairs can
be treated as the one previously described, i.e., cross re-
laxation between coupled ions. Equations (1) and (2) can
be applied to this kind of process in which levels 4 and 3
stand for (e l, e 1) and (e2,g) states [Fig. 9(b)]. The mea-
sure of the decay time of the highest anti-Stokes emission
allows one to determine the w4 decay rate of the doubly
excited pair providing that w3 is known, for example,
from direct excitation in' the (e2, g) pair state. The
transfer rate wT for up-conversion can then be estimated
from w4 by the relation wT= w4 —2w(e l, g) because w4 is
usually much larger than w(el, g). The value of wz. ob-

10
I I

20 30

Time (@sec)

I

40 50

FIG. 13. (a) G9/2~ Il3/2 and (b) G»/2~ I&z/z fluorescence
transients under excitation in the S3/2 level (stars, experimental
result; solid curve, calculated curve).
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Energy (cm-i)
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(b)

4
15/2

FIQ. 14. (P4) and (P5) pair relaxation processes.

In these cases, the population of the excited level is de-
scribed by Eq. (5). The experimental transients were
fitted using this model with the following parameters
[Figs. 13(a) and 13(b)]:

w( S3/2 S3/2)=89930 sec4

I

100 200
I

300 400 500

Time (p,sec)

FIG. 15. (a~ G( ) G9/2~ I)3/2 and (b) G»/2~ I»/2 Auoresence4 4

transients under excitation in the F&/2 level (stars, experimental
result; solid curve, calculated curve).

w( G9/p I 5 ip/)= 72624 sec4

w( G»/z, I»/2)=225075 sec (4F 4 4 4n, F~n)~( G„/2, F9/2) . (P6)

These values agree with the results obtained in the case of
the F9/2 excited-state absorption to the G9/2 level. This
interpretation is confirmed by the good match of the pro-
posed transfers (Table IV). The transfer rate for up-
conversion can be estimated from the ( S I )3/2 15/2~ P
state lifetime (410 @sec):

wT-w( S3/p S3/z) ' —2w( S,/2, I»n)

In this model, we neglect the relaxation from G t7/2 0
11/2 '

The long part of the decay is ascribed to a process
which involves an intermediate level, the (Cl) initial con-
dition for energy mismatch being satisfied as reported in
Table IV:

=8. 5 X 10 sec ( F5/2, F~/2)~( P3/2y I9/2 )~( Gi, /~, I9/~) . (P7)

6. Up-conversion with excitation in the I 5/2 level

Deca o„~ Gy „~ G9/2 and G11/2 levels. The time behavior of

4
t e anti-Stokes emission transients from th G de 9/2 an

»/2 levels [Figs. 15(a) and 15(b)] is very similar to the
curve of Fig. 10 calculated by Eq. (8) which concerns a
three-level system comprising two possibilities to popu-
late the final state.

In the case of the G11/2 level, the direct process which
can populate this level in the most resonant way is the
following:

These mechanisms are schematized in Fig. 16.
Since the lifetime of the I9/2 level has been found to be

10 msec, ' we neglect relaxation from this level. Assum-
ing that the lifetimes of the ( G F ) a d
(4G 4I

11/2 9/2

i i /2 I9/2 ) pair states are very close, the addition of
the (P6) and (P7) processes corresponds to Eqs. (4), (5),
and (7} where levels 4, 3, and 2 represent, respectivel
the ( "F5/2, F,n), ( P3/~, 9/2), and ( 6ii/z, I9/2 or

9/2 } pair states. The experimental curve has been fitted
with Eq. (8) and the calculation gives the following nu-
merical values:
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this excitation. Using the value calculated previously for
the ( F5/2, F»z) lifetime, fitting with Eq. (8) leads to the
following decay rates:

w( G9/2 II3/2) =33 671 sec

w( H9/2, S3/2 ) = 452. sec

t'42
—1.21 .

The lifetimes of the ( G9/2 II3/2) and ( H9/2 IS3/2)
states are very close to the values found, respectively, for
the ( G9/2 I15/2) and ( H9/2 I9/2) states in the ESA ex-
periments. This result suggests that the cross-relaxation
probability in these pairs is very close or smaller tnan
multiphonon and radiative decay rates.

The transfer rate for up-conversion is estimated with
the usual approximation since the ( F5/z, I,5/2) lifetime
is about 160 psec:

wT=w( F5/2, F5/2) —2w( F5/2, I,5/2)
4 4 4 4

=1.1X10 sec
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7. Excitation in the F7iz level 4
15/2

(a) Decay Of the D5/z level The de. cay of this level
when excited in the "I'7/2 level is reasonably approximat-
ed by Eq. (5) which involves only two levels. The three-
level model [Eq. (6)] results in a very short lifetime for the
additional state. The parameters of the fit by Eq. (5) are
(w4) '=1.3 @sec and (w3) '=7.73 p,sec [Fig. 17(a)].
The erst lifetime is in good agreement with the decay
time found in ESA exPeriments for the ( D5/z, Il»z) Pair
state. The second one, which is found as a rise time for
all other emissions, is attributed to the ( Fj/z, Fj/z) pair
state. Two mechanisms are possible: the ( F7/2 F7/2)
pair can relax either directly to the ( D5/z, I»/2) state
despite the large energy mismatch (2100 cm ') or to the
( I»/2, I»/z) state which would have then a very short
lifetime. In this last case, the relaxation would be well
resonant according to the position of the I»i2 level in
CsMgC13. ' As explained in Sec. III 8, no emission from
the I»i2 level was recorded to con6rm this assumption.

However, for the treatment of the Auorescence tran-
I

FICr. 18. (P10) and (P11) pair relaxation processes.

sients, these two schemes are equivalent and we will con-
sider that the ( Fj/z, Fj/z) state directly relaxes to the
( D»z, I15/z) state. Given the lifetime of the
( F7/2 I15/2) state (210 psec), the transfer rate for up-
conversion is estimated to be 1.2X 10 sec

(b) Decay of the G9/z leuel The .up-converted fiuores-
cence decay of this level is presented in Fig. 17(b). The
curve is composed of two parts corresponding to long
and fast mechanisms. The slow decaying part is similar
to the transient recorded in ESA experiments where the
D5i2 level was directly excited. Introduction of the

( F7/2 F7/2) initial state, and of its relaxation to the
( D5/2, I»/2) state in the populating process of the
( G9/2 I,5/z) state, described in Sec. IVB 3 (a), results in
the following scheme (Fig. 18):

4 4 4 4 4 4 2 4 4 4Fj/zr F7/2 )~( D5/2) Il5/2 )~( F5/2) F9/2 )~( H9/z~ I9/2 )~( 69/2~ I15/2 )

4 4~( Gll/2, I15/2) ~ (P10)

Neglecting the lifetime of the ( D5/z, I»/z) state, corresponding populations are given by Eqs. (9)—(12) rand their
solutions (13)—(16)] where the 5, 4, 3, and 2 levels, respectively, represent the ( Fj/z, Fj/2) ( F5/2 F9/2) ( H9/2 I9/2),
and ( G 9/2 I I 5/2 ) states:4 4

dN5

dt
= —m N

dN4
w4%4 +P I w 5%5, —

(9)

(10)

dN3 = —w 3IlI5+ rtlzw 4N4,
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d%2
W2N2 +$3W3N3 +$4W4N4dt

N5 =N5exp( —w5t ),
w N

[exp( —w4t ) —exp( —W5t )],41 5 5
4

w5 w4

x [(W4 —W3)(w4 —w2)(W3 —w2)exp( —w5t)+(w5 —w2)(w3 —w5)(W3 —w2)exp( W4t—)

+(w, —w2)(w4 —w2)(w5 —W4)exp( —w3t)+(w5 —w, )(w5 —W4)(w3 —w4)exp( —w2t)] .

42W401wsN sN3= [(w3 —w4)exp( w5t)—+(w5 —w3)exp( w4t)—+(w4 —w5)exp( —w3t)],

3W 3 4'2 W 4P 1 W 5N 5

(w4 —W5)(W5 —w3)(w4 —W3)(W5 —w2)(w4 —W2)(w3 —w2)

(12)

(13)

(14)

The parameter w3=w( 09/2 I9/2) has been adjusted
to fit the long component of the experimental decay. The
difference between values of w3 in ESA and this experi-
ment is attributed to the inhuence of the nonsymmetric
pairs (Sec. IVB1). The calculated curve has then been
subtracted from experimental values. The remaining de-
cay corresponds to a fast process [Fig. 17(b)].

A new mechanism therefore populates the
( 69/2 I15/2) state which is the only one including the
G9/2 level that a two-photon process can reach starting

from the ( F7/2 F7/2) state. From previous excitation
results, ( S3/2 S3/2) is the only short-lived state able to
relax to the ( 69/2 I]5/2) state. The fast component ob-
tained from the above subtraction was fitted using the
values already known for the different pair states and the
scheme (Fig. 18):

4 4 4 4 4 4
F7/2~ F7/2 ) ( S3/2& 3/2 ) ( 69/2& 15/2 ) (P 1 1)

Experimental and theoretical curves are shown in Fig.
17(b).

(c) Decay of the 6»/2 level The. study of this emis-
sion is as difficult as in the case of excitation in the D&/2
level by ESA. However, as in this experiment, the long
time part of the decay [Fig. 17(c)] corresponds to the
( 69/2 I15/2) transient state. We explain that by the
(~69/2 Ii5/2)~( 611/2 Iii/2) cross relaxation following
(P10) mechanism. In Fig. 19, this process is labeled
(P10'). On the other hand, the short time part can be de-
scribed by a three-level model in which the intermediate
state has a lifetime of 50 1Msec using for the ( F7/2, F7/2)
and ( 6»/2 I9/2) states the values previously deter-
mined. A possible mechanism is (Fig. 19)

4 4 4 4 4F7 2~/F7/2 )~ 5/2 & 3/2 ~ 6 11/2 & I9/2 ) (P12)

Energy (cm-1)

40000-

(P12) (P10')

2
~ 1 1/2

4
D5/2

4
9/2

In this case, the lifetime of the ( F5/2, S3/2) state is
close to that of the ( F5/2 F9/2) state. A rough approxi-
mation of the experimental curve is then possible by add-
ing (P10) and (Pl 1) processes and neglecting the lifetime
of the final state ( 6»/2, I»/2) [Fig. 17(c)].

V. CONCLUSION

30000-

20000-

10000

2
P3/2

2
G7j2

4G
2

11/2

9/2
4

5/2
4

F7,2
4

S3/2
4

F9,2
4

~9/2

4

4
113/2

4
~15/2

FICr. 19. (P10') and (P12) pair relaxation processes.

CsCdBr3 is a very appropriate host to study pair effects
since trivalent ions enter nearly exclusively as charge-
compensated complexes. Efficient UV and blue up-
conversion has been observed under excitation in the

~3/2 +7/2 and Es/2 levels. Excitation in the F7/2
el proved that up-conversion occurs only in symmetric
M +-vacancy-M + dimers and not in nonsymmetric
M +-M +-vacancy ones and can therefore be attributed
to energy transfer between doubly excited ions in sym-
metric pairs. Seven emissions have been observed and as-
cribed to transitions from levels lying at high energy be-
tween 26 000 and 38 000 cm

To get more precise details on these levels, ESA experi-
ments have been performed in the I'9/2 level to excite
D p/2 and G9/z states. Their lifetimes and multiplet en-

ergies were obtained in this way.
Fluorescence transients have been investigated for each

excitation. D5/2, G»/2, and 69/2 decays have been
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fitted by models involving several competing cross relaxa-
tions. Up-conversion transfer rates have been estimated
to be, respectively, 8.5X10, 1.2X10, and 1.1X10
sec '. These results show that this compound is an ex-
cellent candidate to study dynamics of complex intrapair
processes.
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