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Power dependence of upconversion luminescence in lanthanide and transition-metal-ion system
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~Received 21 June 1999!

We show theoretically with the simplest possible model that the intensity of an upconversion luminescence
that is excited by the sequential absorption ofn photons has a dependence on absorbed pump powerP, which
may range from the limit ofPn down to the limit ofP1 for the upper state and less thanP1 for the intermediate
states. The two limits are identified as the cases of infinitely small and infinitely large upconversion rates,
respectively. In the latter case, the dependence of luminescence intensities from intermediate excited states on
pump power changes with the underlying upconversion and decay mechanisms. In certain situations, energy-
transfer upconversion and excited-state absorption can be distinguished by the measured slopes. The compe-
tition between linear decay and upconversion in the individual excitation steps of sequential upconversion can
be analyzed. The influence of nonuniform distributions of absorbed pump power or of a subset of ions
participating in energy-transfer upconversion is investigated. These results are of importance for the interpre-
tation of excitation mechanisms of luminescent and laser materials. We verify our theoretical results by
experimental examples of multiphoton-excited luminescence in Cs3Lu2Cl9:Er31, Ba2YCl7:Er31, LiYF4:Nd31,
and Cs2ZrCl6:Re41.
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I. INTRODUCTION

Spectroscopic data such as absorption and emission s
tra, luminescent transients, and the pump-power depend
of luminescence intensities are essential to the understan
of excitation mechanisms in luminescent and laser mate
and to the improvement of device performance. Special
tention has been devoted to the investigation
upconversion-induced luminescence,1,2 partly because of the
availability of near-infrared pump sources for the excitati
of visible luminescence3–14 and laser emission15–25 and
partly because these mechanisms can introduce a loss c
nel for devices emitting in the infrared region.26–34 The two
most common excitation processes that lead to emis
from energy states higher than the terminating state of
first pump-absorption step are energy-transfer upconver
~ETU! and pump excited-state absorption~ESA!.

For the interpretation of short-wavelength luminescen
it is often assumed that the ordern of the upconversion pro
cess, i.e., the numbern of pump photons required to excit
the emitting state, is indicated by the slope of the lumin
cence intensity versus pump power in double-logarithm
representation. However, as a consequence of the cons
tion of energy, a nonlinear process that transfers energy f
one quantum state to another cannot maintain its nonlin
nature up to infinite excitation energy. A well-known e
ample of this phenomenon from quantum optics is freque
conversion by second-harmonic generation. This proc
naturally exhibits a quadratic dependence of the seco
harmonic energy versus fundamental energy, which lev
off to a linear behavior when the conversion efficiency a
proaches unity. Similarly, the dependence of
upconversion-luminescence intensity on pump power is a
expected to decrease in slope with increasing excitation,
a ‘‘saturation’’ of the intensity of an upconversion lumine
PRB 610163-1829/2000/61~5!/3337~10!/$15.00
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cence for higher pump powers was already observed
years ago.35

In this paper we investigate the physical nature of
‘‘saturation’’ process. We shall show that the experimenta
observed decrease in the slope of an upconvers
luminescence intensity versus pump power with increas
power is determined by the competition between linear
cay and upconversion processes for the depletion of the
termediate excited states. The intensity of an upconvers
luminescence that is excited by the sequential absorptionn
photons has a dependence on absorbed pump poweP,
which may range fromPn in the limit of infinitely small
upconversion rates down toP1 for the upper state and les
than P1 for the intermediate states in the limit of infinitel
large upconversion rates. Whereas the upper limit is va
universally, the lower limit for the intermediate states d
pends on whether the excitation is achieved by ETU or E
and whether the states decay predominantly by luminesce
to the ground state or relaxation into the next lower-lyi
state. The presented results are obtained from the solutio
simple rate equations, confirmed by the numerical investi
tion of more complex situations, and illustrated by expe
mental examples. These results allow for the interpretatio
a measured intensity-versus-power dependence
multiphoton-excited luminescence with respect to the or
of the process and its physical origin and strength.

In the following section, we shall state the model assum
tions and demonstrate the fundamental effect that rules
dependence of upconversion and downconversion lumin
cence intensities on pump power. More generalized soluti
for the slopes of the luminescence intensities versus pu
power will be derived in Sec. III. It will be discussed in Se
IV how different excitation and decay mechanisms or t
competition between upconversion and decay for individ
steps of sequential upconversion can be distinguished u
the measured slopes. In Sec. V, the influence of inhomo
3337 ©2000 The American Physical Society
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neous distributions of absorbed pump power will be inve
gated, and we shall show how a fractional participation
active ions in ETU will manifest itself. Experimental ex
amples will be presented in Sec. VI.

II. VARIATION OF LUMINESCENCE INTENSITIES
WITH PUMP POWER: A SIMPLE MODEL

Throughout this paper, the expression ‘‘the slope of
luminescence’’ is used as a shortcut for the more pre
statement ‘‘the slope of the luminescence intensity
double-logarithmic representation versus absorbed pu
power for a known pump focus,’’ i.e., versus absorbed pu
intensity.

A. Basic assumptions

The excitation mechanisms in systems with several m
stable electronic excited states are usually rather comp
Besides excitation by ground-state absorption~GSA!, subse-
quent upconversion by ESA and/or ETU, and depletion
luminescence and multiphonon relaxation, additional p
cesses may occur: Cross relaxation between excited stat
an avalanche process, three-ion energy transfer, energy t
fer to other impurity ions, as well as amplified spontaneo
emission and laser oscillation. Those additional mechani
influence the excitation to or the relaxation from an exci
state in a nonlinear way. In addition, a radially nonunifo
pump profile, a longitudinally nonuniform pump absorptio
ground-state bleaching, the distribution of ions in the h
lattice, or any temperature dependence of an excitation
relaxation process have an influence on the luminesce
intensities. Those situations shall not be considered in
section~for the investigation of a radially nonuniform pum
profile, a longitudinally nonuniform pump absorptio
ground-state bleaching, or the distribution of ions in the h
lattice, see Sec. V!. We assume here the simplest possi
model.

~1! The ground-state population density is constant.
~2! The system is pumped continuous-wave by GSA.
~3! Upconversion steps between subsequent excited s

take place by either ETU or ESA.
~4! The excited statesi have lifetimest i and decay with

rate constantsAi5t i
21 either to their next lower-lying state

or directly to the ground state.
In practice, the two different cases of~4! often correspond

to a high-phonon-energy material with a predomina
multiphonon-induced decay to the next lower-lying state~de-
noted in this paper by a branching ratiob i51) and a low-
phonon-energy host material with a predominant radia
decay to the ground state (b i50), respectively. However, i
is not important whether the decay mechanism is radiativ
nonradiative, and there exist also examples of luminesce
from an upper to an intermediate state with a high branch
ratio b i ~see, e.g., our example in Sec. VI D!. The assump-
tions of b i51 or b i50 simplify the solutions of the rate
equations and are made here to exemplify the two extre
limiting scenarios.

Since ground-state bleaching is assumed to be neglig
the ground-state population density is

N0'const. ~1!
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In the presence of ESA, the absorption coefficienta at the
pump wavelength for a system withn excited levels is given
by the sum of the absorption coefficientss jNj of the transi-
tions from statesj,

a5 (
j 50, . . . ,n21

s jNj , ~2!

wheres j is the absorption cross section from statej at the
pump wavelength andNj is its population density. For ab
sorption over a sample lengthl, which is short compared to
the absorption lengtha21, we expand the exponential func
tion of the Lambert-Beer law for the calculation of absorb
pump power into a Taylor series and approximate it by
leading term:

12exp@2 la#' la. ~3!

From Eqs.~2! and~3!, it follows that the pump rateRi of an
individual transition from statei can be written as36

Ri5
lp

hclpwp
2 P$12exp@2 la#%

s iNi

a

'
lp

hcpwp
2 Ps iNi5rps iNi ~4!

with lp the pump wavelength,wp the pump radius,P the
incident pump power,h Planck’s constant, andc the vacuum
speed of light. The pump constant is

rp5
lp

hcpwp
2 P. ~5!

As a consequence of the assumption of small absorption
pump rate at the transition from statei is independent of
absorption at transitions from other statesj in Eq. ~4!.

B. Competition of linear decay and upconversion

We first demonstrate the relevant effect that leads t
decrease in the slope of an upconversion luminescence
increasing pump power. The simplest system in which
conversion luminescence can be observed is a three-l
system as depicted in Fig. 1. Assuming that the system
pumped by GSA and the upconversion step is achieved

FIG. 1. Simple three-level upconversion scheme. Solid a
dashed arrows indicate the radiative and nonradiative popula
and depopulation mechanisms for each level, respectively. The
pendence of the population densityN1 on pump power for the cor-
responding depletion pathways, and the dependence ofN2 on N1

are indicated for the different cases of ETU and ESA.
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PRB 61 3339POWER DEPENDENCE OF UPCONVERSION . . .
ETU with a corresponding parameterW1 , the rate equations
describing the excitation mechanisms in this system are
~1! and

dN1 /dt5rps0N022W1N1
22A1N1 , ~6!

dN2 /dt5W1N1
22A2N2 . ~7!

Under steady-state excitation, this yields

A2N25W1N1
2, ~8!

rps0N052W1N1
21A1N1 . ~9!

It follows from Eq. ~8! that

N2}N1
2. ~10!

If linear decay (LUM1 in Fig. 1! is the dominant depletion
mechanism of level 1, we can neglect the upconversion t
in Eq. ~9!. It follows from Eqs.~5! and ~9! that N1}P and,
consequently,N2}N1

2}P2, corresponding to one limit. In
contrast, if upconversion~ETU in Fig. 1! is dominant, i.e.,
we can neglect the linear decay term in Eq.~9!, then N1

2

}P or N1}P1/2, resulting inN2}N1
2}P, corresponding to

the other limit.
For intermediate pump powers, situations of competit

between linear decay and depletion by upconversion are
tablished and, consequently, the slopes of the luminesce
are between the two limiting cases. For all pump powers,
slope of the upconversion luminescence is twice that of
downconversion luminescence because of Eq.~10!.

We also solve here the simplest case involving ESA as
upconversion mechanism, i.e., the ETU process is repla
by the ESA process in Fig. 1. The rate equations, in this c
are Eq.~1! and

dN1 /dt5rps0N02rps1N12A1N1 , ~11!

dN2 /dt5rps1N12A2N2 . ~12!

From Eqs.~5! and ~12!, we find thatN2}PN1 . If the linear
decay from level 1 is dominant and, thus, the ESA term
negligible in Eq.~11!, we obtainN1}P and, consequently
N2}P N1}P2. For strong ESA, the linear decay term can
neglected in Eq.~11!, and we derive thatN1 is independent
of P, resulting inN2}P N1}P.

This shows that, with increasing pump power and the
sulting increasing importance of upconversion, the slope
the upconversion luminescence changes from quadrati
linear, whereas the slope of the directly excited luminesce
changes from linear to less than linear, with different lim
obtained for ETU and ESA. This behavior, therefore, fund
mentally derives from the competitive mechanisms of upc
version and downconversion for the depletion of the int
mediate excited state.

III. POWER DEPENDENCE: GENERALIZED SOLUTIONS

We now assume the energy-level scheme displayed
Fig. 2 havingn54 excited states. Under the basic assum
tions made in Sec. II, we investigate the slopes of the upc
version luminescences for the following eight situations.

The upconversion mechanism is either~A! ETU or ~B!
q.
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ESA. We solve the rate equations for the cases of~1! small
upconversion rates and short intrinsic lifetimes, i.e., lumin
cence dominates over upconversion as a depletion me
nism of the intermediate excited states, and~2! large upcon-
version rates and long intrinsic lifetimes, i.e., upconvers
dominates depletion of the intermediate excited states.
investigate the influence of the following decay routes on
slopes of the luminescences:~i! Predominant decay to th
next lower-lying state (b i51) or ~ii ! predominant lumines-
cence directly to the ground state (b i50).

The generalized form of the dependence of upconvers
luminescence intensities on pump power is derived from
analytical solution of the rate equations for these more co
plex situations. For an overview, the results of this sect
are summarized in Table I.

A. Energy-transfer upconversion

If upconversion is achieved solely by ETU with corr
sponding parametersWt , the rate equations for the excited
state population densitiesNi are then given by Eq.~1! and

dN1 /dt5rps0N022W1N1N12W2N1N2

2W3N1N32A1N11b2A2N2 , ~13!

dN2 /dt5W1N1N12W2N1N22A2N21b3A3N3 , ~14!

dN3dt5W2N1N22W3N1N32A3N31b4A4N4 , ~15!

dN4 /dt5W3N1N32A4N4 . ~16!

FIG. 2. Simple model for sequential four-step excitation. In o
experimental examples of Cs3Lu2Cl9:Er31 excited at 1.54mm and
Ba2YCl7:Er31 excited at 800 nm, these levels correspond to
electronic states indicated on the right-hand side. The radiative
nonradiative decay processes are not shown in the figure.
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TABLE I. Characteristic slopes of the steady-state excited-state population densitiesNi of levels i
51, . . . ,n and luminescences from these states forn-photon excitation. The investigated limits are:~1! small
upconversion or~2! large upconversion by~A! ETU or ~B! ESA, decay predominantly~i! into the next
lower-lying state or~ii ! by luminescence to the ground state, and~a! a small or~b! a large fraction of pump
power absorbed in the crystal.

Influence of
upconversion

Upconversion
mechanism

Predominant
decay route

Fraction of
absorbed

pump power
Power

dependence
From
level

~1! Small ETU or ESA next lower state or
ground state

small or large Ni;Pi i 51, . . . ,n

~2! Large ~A! ETU ~i! next lower state small or large Ni;Pi /n i 51, . . . ,n
~ii ! ground state small or large Ni;P1/2

Ni;P1
i 51, . . . ,n21

i 5n
~B! ESA ~i! next lower state ~a! small Ni;Pi i 51, . . . ,n

~b! large Ni;Pi /n i 51, . . . ,n
~ii ! ground state small or large Ni;P0

Ni;P1
i 51, . . . ,n21

i 5n
e

-

as
on

e

-

if-
tion
ed in

-
ava-
tate
ex-
of

pes
eta-
its

o-

mi-
ate
1. Small upconversion

For both,~i! b i51 and~ii ! b i50, we obtain steady-stat
solutions of the type

Ni5A1
2 i )

j 52, . . . ,i
@Wj 21Aj

21#~rps0N0! i , i 51, . . . ,n.

~17!

2. Large upconversion

The rate equations, for~i! b i51, have steady-state solu
tions for the population densities of the type

Ni5 )
j 52, . . . ,i

@Wj 21Aj
21# )

k52, . . . ,n21
@Ak

i /n#

3 )
l 51, . . . ,n21

@Wl
2 i /n#~rps0N0! i /n,

i 51, . . . ,n. ~18!

For ~i! b i50, we obtain the following solutions:

Ni50.5W1
0.5Wi

21~rps0N0!0.5, i 51, . . . ,n21 ~19!

Nn50.25An
21rps0N0 . ~20!

B. Excited-state absorption

If ESA is the relevant upconversion mechanism, the
sumption that ground-state bleaching is negligible but upc
version luminescence is measurable implies that

s0!s i ,

rps0!Ai for i 51, . . . ,n. ~21!

The rate equations are then given by Eq.~1! and

dN1 /dt5rps0N02rps1N12A1N11b2A2N2 , ~22!

dN2 /dt5rps1N12rps2N22A2N21b3A3N3 , ~23!

dN3 /dt5rps2N22rps3N32A3N31b4A4N4 , ~24!
-
-

dN4 /dt5rps3N32A4N4 . ~25!

1. Small upconversion

For both~i! b i51 and~ii ! b i50, we obtain steady-stat
solutions of the type

Ni5 )
j 51, . . . ,i

@Aj
21#rp

i )
j 51, . . . ,i

@s j 21#N0 , i 51, . . . ,n.

~26!

2. Large upconversion

For b i51, the solution Eq.~26! is obtained. For~ii ! b i
50, the solutions for the population densities read

Ni5~s0 /s i !N0 , i 51, . . . ,n21, ~27!

Nn5An
21rps0N0 . ~28!

In Eq. ~26! and Eqs.~27! and ~28!, all excited-state popula
tion densities are small compared toN0 because of Eq.~21!.

The eight situations investigated above result in four d
ferent characteristic slopes for the excited-state popula
densities and luminescences from these states as indicat
Table I. To obtain these results, we inserted Eq.~5! in Eqs.
~17!–~20! and ~26!–~28!. Note that other scenarios involv
ing, e.g., cross relaxation between excited states, an
lanche process, three-ion energy transfer, or ground-s
bleaching have been neglected for simplicity, but are
pected to lead to significant deviations from the results
this model in certain experimental circumstances.

IV. POWER DEPENDENCE: SPECIFIC SITUATIONS

A. The limiting cases of small and large upconversion

With the results of Table I, the measurement of the slo
of multiphoton-excited luminescences enables an interpr
tion of the underlying upconversion mechanism and
strength. Generally, a measured slope ofx is indicative of an
upconversion process, which involves at leastn photons,
wheren is the smallest integer greater thanx ~or equal tox if
x is an integer!. However, it may also be a higher-order pr
cess.

Low absorbed pump intensities and the consequent do
nance of linear decay for the depletion of the intermedi
excited states@case I of Table I# allow for the determination
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of the orderi of each excitation process, i.e., the numberi of
pump photons required to excite the emitting state. At h
absorbed pump intensities, upconversion becomes the m
depletion process of the intermediate excited states, allow
for the determination of the upconversion mechanism
volved. If luminescence to the ground state overpowers
laxation to the next lower-lying state, the mechanisms
ETU @case~2!~A!~ii !# and ESA@case~2!~B!~ii !# can be dis-
tinguished by the slopes of the luminescences from inter
diate excited states, which areP1/2 in the case of ETU and
P0 in the case of ESA. If decay occurs mainly into the ne
lower-lying state and the fraction of pump power absorbed
the sample is small, ETU manifests itself in slopes ofPi /n

@case ~2!~A!~i!#, where ESA leads to slopes ofPi @case
~2!~B!~i!~a!#.

If the orders of the processes are known, the measu
slopes indicate whether linear decay@case~1!# or upconver-
sion @case~2!# dominates for a given absorbed pump inte
sity, with only one exception@case~2!~B!~i!~a! exhibits the
same slope as case~1!#.

B. Competitiveness of individual upconversion steps
in sequential upconversion excitation

Experimentally, lifetimes and ETU or ESA rates are us
ally different for different excited states. As a consequen
some upconversion steps may be efficient compared to lu
nescence from their initial states for a given pump pow
whereas other upconversion steps may be inefficient, e
cially when competing with fast multiphonon-relaxation pr
cesses. This possibility shall be investigated analytically
the example of Fig. 2.

We solve the rate equations~1! and~13!–~16! correspond-
ing to the system of Fig. 2 for the case of ETU as the u
conversion mechanism and luminescence to the ground
(b i50) as the linear-decay mechanism, but with the follo
ing modifications: We assume that the first upconvers
step ETU1 is more efficient than downconversion lumine
cence whereas the upconversion steps ETU2 and ETU3 are
inefficient. When neglecting the rate terms in Eqs.~13!–~16!
that correspond to inefficient processes for the depletion
the corresponding states, we find that the steady-state s
tions for the excitation densities exhibit slopes ofNi}Pi /2.
The first and second excited states show slopes ofP1/2 and
P1, respectively, which would be expected from the syst
of Fig. 1 at high pump power, for the case of ETU as t
upconversion mechanism. Levels 3 and 4 are not relevan
the dynamics of levels 1 and 2, because ETU2 and ETU3 are
inefficient.

On the other hand, if only the second upconversion s
ETU2 were more efficient than downconversion lumine
cence from the corresponding initial state, whereas ETU1 and
ETU3 were inefficient, we would find slopes ofP1 for lumi-
nescence from the first excited state andPi 21 for lumines-
cence from the higher-lying statesi. The two examples are
thus, distinguishable by the slopes of the observed lumin
cences. In this way, the competitiveness of individual upc
version steps in a multistep process can be determined
the measured slopes of upconversion luminescences.
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V. COMMON DEVIATIONS FROM THE BASIC
ASSUMPTIONS

A. Large pump absorption

If the sample lengthl is not small compared to the absor
tion length a21, a nonuniform longitudinal distribution o
the absorbed pump power over the sample length obta
This results in a longitudinal variation of the GSA pump ra
and excitation density and, consequently, of the importa
of upconversion along the pump-beam path through
sample.

If a large fraction of the pump power is absorbed in t
sample, e.g., by choosing a longer sample, the left-hand
of Eq. ~3! approaches unity and Eq.~4! becomes

Ri'
rp

l

s iNi

(
j 50, . . . ,n21

s jNj

. ~29!

In this case, the pump rate at the transition from statei de-
pends on the absorption of pump power due to transiti
from other statesj, and solving the rate equations becom
more complex. In addition, integration over the samp
length is no longer acceptable, because the different long
dinal parts exhibit different excited-state population densit
and contribute in different ways to the luminescence inten
ties and must be treated individually. It is, therefore, mo
convenient to solve the rate equations numerically, with lo
gitudinal resolution and under consideration of pump abso
tion according to a Lambert-Beer law. The correspond
computer code is described in Refs. 33 and 34.

For the case of small absorption, the limits of the slop
of the eight different situations described in Sec. III are co
firmed by numerical examples. If the sample length a
thus, the fraction of pump power absorbed in the sample
increased in the calculation, the slopes of the excited-s
population densities and luminescences from these state
main the same in seven of the eight investigated cases. In
case of large ESA rates, long excited-state lifetimes, and
dominant decay to the next lower-lying state@case~2!~B!~i!
of Table I#, however, we find a different result: With th
change from~a! small absorption~sample lengthl small
compared to the absorption lengtha21) to ~b! large absorp-
tion (l .a1), the slope of the population density of statei
and luminescence from this state decreases continuo
from Ni}Pi to Pi /n. The reason is the direct dependence
the individual pump rates of Eq.~29! on each other.

The surprising fact that only one of the eight cases exh
its a dependence on crystal length can be understood in
following way. The difference between Eqs.~4! and ~29! is
only relevant if the upconversion mechanism is ESA and
the influence of ESA is large. It follows that the slopes
not change with increasing crystal length in those cases
volving ETU or small ESA. In the case of large ESA@case
~2!~B! of Table I#, the response of the system to an incre
ing crystal length is a decreasing slope of the upconvers
luminescences. If all states decay predominantly by lumin
cence to the ground state@case~2!~B!~ii ! of Table I#, how-
ever, the resulting slopes are already the smallest poss
that can be expected. This leaves only one case@case
~2!~B!~i! of Table I# sensitive to the direct dependence of t
individual pump rates on each other.

The influence of ground-state bleaching is often an imp
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tant issue, because it may strongly affect device per
mance. Nevertheless, it will not be discussed in this pa
because of the following reasons. First, ground-state ble
ing depends on many parameters and cannot easily be
scribed without taking the complete rate-equation sys
into account. Second, if there is no lifetime quenching
cross relaxation, which would depend on the ground-s
population density, the influence of ground-state bleach
on the slopes of upconversion luminescences can be e
nated, in the case of ETU as the upconversion mechan
by plotting the luminescence intensities versus absorbed
stead of incident pump power. If ESA is the dominati
upconversion mechanism, however, this simple method
not applicable. In this case, situations may occur where
increasing pump power leads to ground-state bleaching a
consequent decrease in GSA rate combined with an incr
in ESA rate, resulting in depletion of the intermediate e
cited state and a decrease in luminescence intensity from
level; cf. Fig. 8~b! of Ref. 37. In this case, ground-sta
bleaching has to be considered in the rate equations.

B. Gaussian pump profile

A nonuniform transverse distribution of the pump pow
over the sample cross section arises, for example, fro
Gaussian pump profile. This results in a radial variation
the excitation density and, consequently, of the importa
of upconversion across the transverse profile of the be
We investigate here numerically the influence of a Gauss
pump profile on the three-level system shown in Fig. 3. T
parameters and rate equations used for the calculation
taken from Ref. 38. They correspond to the experimen
example of LiYF4:1% Nd31 ~Sec. VI C!.

The result of the calculation is shown in Fig. 4. The slo
of the downconversion luminescence (LUM1) decreases
slightly slower fromP1 toward P0.5 with increasing pump
power for a Gaussian pump profile~open symbols! compared
to a flat-top pump profile~solid symbols!, because the ions in
the wings of the Gaussian profile exhibit less ETU. T
slopes of the upconversion luminescence (LUM2), which de-
crease fromP2 toward P1 exhibit even less deviation be
tween a Gaussian and a flat-top pump profile. A similar s

FIG. 3. Three-level upconversion scheme for the case of ETU
the upconversion mechanism. Solid and dashed arrows indicat
radiative and nonradiative population and depopulation mechan
for each level, respectively. In our experimental examples
Cs2ZrCl6:Re41 excited at 1.047mm and LiYF4:Nd31 excited at 800
nm, these levels correspond to the electronic states indicated o
right-hand side. The dotted arrow from level 2 to level 1 indicate
luminescence~LUM ! in the case of Cs2ZrCl6:Re41 and a mul-
tiphonon relaxation~MPR! in the case of LiYF4:Nd31.
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ation obtains when the ETU process is replaced by an E
process~cf. Fig. 1! in the calculation. Generally, the differ
ences in the slopes when using a Gaussian or a flat-top p
profile are small.

In contrast, a much larger influence of the Gaussian pu
profile on the slope of the upconversion luminescence
found in the case of an avalanche process.39 The reason for
this behavior is the strong dependence of the absorption
efficient on pump power, which introduces a highly nonli
ear response of the system over the Gaussian pump profi
the case of an avalanche process.

C. Participation of a subset of ions in energy-transfer
upconversion

ETU is an interionic process whose probability depen
strongly on the distance between the participating ion40

ETU is, therefore, influenced by the host geometry, the d
ant concentration, energy migration between the active io
and the statistical~or nonstatistical! distribution of active
ions in a host material. Commonly, the active impurity io
are randomly distributed in the host lattice. Some of th
have a closer nearest neighbor than others and, thus, ex
a higher probability of being involved in an ETU process41

In some cases, a fraction of ions may be isolated, arrange
clusters,42 or occupy different sites in the host lattice for th
active ions with different nearest-neighbor distances.43

It is the purpose of this section to demonstrate the fun
mental influence of the presence of different ion classes
the host lattice on the slopes of the luminescences. In
following, we choose again the simplest possible model.
assume that there exist two different ion classes: one clas
ions that are involved in ETU and one class of ions that
not contribute to ETU.

In the absence of ESA, the measurement of the slope
upconversion and downconversion luminescences provid
simple method to probe the fraction of ions that participa
in ETU. For this class of ions, the coupling of the rate equ
tions ~6! and ~7!, resulting in Eq.~10!, requires that a de-
crease of the slope of the upconversion luminescence fro
quadratic to a linear behavior is accompanied by a co
sponding decrease of the slope of the downconversion lu

s
the

s
f

the
a

FIG. 4. Comparison of the calculated slopes of downconvers
(LUM1) and upconversion (LUM2) luminescences in the leve
scheme of Fig. 3, assuming a flat-top~solid symbols! or a Gaussian
~open symbols! radial pump profile. The numbers denote the slo
in double-logarithmic representation at low and high pump pow
respectively.
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nescence from a linear to a square-root behavior. In cont
isolated ions will not contribute to upconversion lumine
cence and show a linear slope of their downconversion lu
nescence throughout the whole pump-power range. The
served downconversion-luminescence intensity is the sum
the contributions from each class of ions.

Since a linear function increases faster than a square-
function, the intensity of downconversion luminescence fr
those ions that do not participate in ETU will eventua
overpower the corresponding luminescence intensity fr
ions exhibiting upconversion losses. It follows that the slo
of the downconversion luminescence will first decrease w
increasing pump power and, consequently, increasing up
version losses. With further increasing pump power, the
minescence intensity of isolated ions will contribute an
creasingly significant fraction to the overall intensity
downconversion luminescence. The slope of the downc
version luminescence will, therefore, increase again.

This behavior is calculated for the simple situation of F
3, assuming a constant dopant concentration, but diffe
fractions of ions participating in ETU.~An experimental ex-
ample is presented later in Sec. VI D along with calcula
curves; cf. Fig. 8.! If 100% of the ions participate in ETU
the results of Sec. II are derived: The slopes of downconv
sion (L1) and upconversion (L2) luminescences decreas
from P1 to P0.5 and fromP2 to P1, respectively. If a signifi-
cant fraction of ions does not participate in ETU, the slope
the downconversion luminescence first decreases fromP1

but then returns toP1 at higher pump powers, with the turn
ing point moving to a smaller pump power for an increas
fraction of isolated ions.

The influence of a Gaussian pump profile~or, generally, a
macroscopically inhomogeneous excitation density! on the
slope of the downconversion luminescence is different fr
the influence of several ion classes that may or may
participate in ETU. A Gaussian pump profile results in
variation of the excitation densityN1 in the intermediate
state for a given pump power, whereas the effect descr
here arises from a difference in the ETU parameterW1 for
different ion classes. The influence of the Gaussian pu
profile on the slope of the downconversion luminescenc
small, because those regions in the wings of the pump pro
with a smaller excitation densityN1 naturally contribute less
to the luminescence intensity. On the other hand, severa
classes may have a large influence on the slope, becaus
these ion classes may be present in the center of the Gau
pump profile.

VI. EXPERIMENTAL EXAMPLES

Four experimental examples shall illustrate the theoret
results of Secs. II–V. For detailed discussions of the exc
tion mechanisms in the four systems chosen here, see R
38 and 44–48.

A. Four-step upconversion in Cs3Lu2Cl9:Er 3¿

The similar energy gaps of four excitation steps in Er31

and the low phonon energies in a chloride make
Cs3Lu2Cl9:Er31 system a prominent example of efficie
four-step upconversion with subsequent intense lumin
cence from all states along the excitation pathway. This s
st,
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tem shall serve as an example for two of the results of Ta
I. We have investigated two-, three-, and four-photon ex
tation in samples of Cs3Lu2Cl9:1% Er31 and Cs3Er2Cl9.

44

The Er31 ions were excited at 1.54mm along the excitation
pathway 4I 15/2→4I 13/2→4I 9/2→4S3/2→2H9/2. These levels
correspond to levels 0–4 in Fig. 2, with other intermedia
excited states of erbium not shown in this figure. The slo
of the ground-state luminescences from the4I 9/2 ~two-photon
upconversion!, 4S3/2 ~three-photon upconversion!, and 2H9/2
levels ~four-photon upconversion! at 800 nm, 550 nm, and
420 nm, respectively, was measured~Fig. 5!. Because of the
low phonon energies the excited states exhibit only sm
multiphonon-relaxation rates and decay predominantly by
minescence to the ground state. In the 1%-doped sample
upconversion steps are achieved partly by ESA and partly
ETU, whereas for the 100%-doped sample, the dominant
conversion mechanism is ETU.44

We compare here the two extreme experimental situati
of either predominant linear decay or strong upconvers
with the corresponding limiting cases of Table I. At lo
pump powers in the 1%-doped sample where upconver
mechanisms have a small influence~Fig. 5, left-hand side!,
the slopes approach the limit ofPi for an i-photon-excited
luminescence@case~1! of Table I#. On the other hand, a
high pump powers in the 100%-doped sample where ETU
the dominant excitation and depletion mechanism~Fig. 5,
right-hand side!, the slopes approach the limit ofP1/2 for
luminescences from the intermediate excited states andP1

for luminescence from the upper excited state2H9/2 @case
~2!~A!~ii ! of Table I#. For increasing pump powers in th
1%-doped sample as well as for decreasing pump power
the 100%-doped sample, situations of competition betw
linear decay and upconversion are found and the lumin
cences exhibit slopes that are between the two limiting ca

B. Competitiveness of individual upconversion steps
in Ba2YCl7:Er 3¿

Another excitation sequence leading to population
2H9/2 in Er31-doped low-phonon host materials is a two-st

FIG. 5. Measured emission intensities from the4I 9/2 ~two-
photon excitation!, 4S3/2 ~three-photon excitation!, and 2H9/2 ~four-
photon excitation! levels at 800 nm, 550 nm, and 420 nm, respe
tively, in Cs3Lu2Cl9:1% Er31 ~solid symbols! and Cs3Er2Cl9 ~open
symbols! vs pump power, after excitation at 1.54mm into 4I 3/2

~Ref. 44!. The numbers denote the slope in double-logarithmic r
resentation at low and high pump power, respectively.
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excitation 4I 15/2→4I 9/2→2H9/2 around 800 nm. The upcon
version step may take place by ESA or ETU, depending
host material, exact pump wavelength, and dopant con
tration. Luminescence from4G11/2 occurs after a second up
conversion step by ETU, which may originate in any st
above 4I 9/2.45 The 4I 9/2, 2H9/2, and 4G11/2 levels corre-
spond to levels 1, 2, and 3 in Fig. 2, respectively, with oth
intermediate excited states of erbium not shown in this
ure. In Ba2YCl7:3% Er31, we have investigated the slopes
the upconversion luminescences from2H9/2 at 407 nm and
4G11/2 at 382 nm, after excitation at 800 nm into4I 9/2.46

The measured slopes of the upconversion luminesce
~Fig. 6! change fromP2.1 to P1.0 for 2H9/2 and fromP3.1 to
P1.67 for 4G11/2, with increasing pump power. Compariso
with the theoretical results presented in Sec. V B sugg
that the first upconversion step to2H9/2 becomes competitive
with luminescent decay already at the highest pump po
applied in our experiment, whereas the second upconver
step to 4G11/2 remains relatively inefficient at this pum
power. The slopes of the upconversion luminescences
dicted for this case arePi /2 for i-step upconversion~Sec.
V B!, in reasonable agreement with the measured slope
P1.0 for two-step upconversion into2H9/2 andP1.67 for three-
step upconversion into4G11/2.

C. Complete energy-transfer upconversion in LiYF4:Nd3¿

The slope of the downconversion luminescence has b
measured in LiYF4:1% Nd31.38 The Nd31 ions were excited
at 800 nm into the4F5/2 level. Subsequent fast multiphono
relaxation leads to the population of the4F3/2 level, which is
the upper laser level of the well-known 1-mm Nd31 laser
transition. ETU from4F3/2 populates the2G(1)9/2, 4G7/2,
and 4G5/2 levels. These states decay by fast multiphon
relaxation back to the4F3/2 level and can, therefore, b
treated as a single state for our purposes.38 Thus, 4F3/2 cor-
responds to level 1 and2G(1)9/2, 4G7/2, and 4G5/2 corre-
spond to level 2 in Fig. 3. The other excited states of Nd31

are not shown in this figure. Since at the time of the exp

FIG. 6. Measured emission intensities from the2H9/2 ~two-
photon excitation! and 4G11/2 ~three-photon excitation! levels at
406.9 and 381.6 nm, respectively, in Ba2YCl7:3.2% Er31 vs pump
power, after excitation at 800 nm into4I 9/2, respectively~Ref. 46!.
The numbers denote the slope in double-logarithmic representa
at low and high pump power, respectively.
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ment we were mostly interested in the lifetime quenching
4F3/2 by ETU and less in the weak upconversion lumine
cence from upper states, only downconversion luminesce
at 1.05mm was measured in the experiment.

The slope of the downconversion luminescence fr
4F3/2 in LiYF4:1% Nd31 exhibits a decrease fromP0.9 to
P0.6 in the experimental range of pump powers~diamonds in
Fig. 7!. This roughly approximates a decrease of the slo
from the limit of P1 at low pump power toP0.5 at high pump
power. Also shown is a calculated curve of th
downconversion-luminescence intensity~solid line!,38 as-
suming that 100% of the Nd31 ions participate in ETU. Ac-
cording to the findings of Sec. V C, we conclude from the
results that in LiYF4:1% Nd31 most of the ions are involved
in ETU. Consequently, the slope of the corresponding
conversion luminescence must then decrease fromP2 to P1

~the dotted line in Fig. 7 represents the corresponding ca
lated curve!, because in this case the two slopes are co
lated to each other according to Eq.~10!.

D. Fractional energy-transfer upconversion in Cs2ZrCl 6:Re4¿

The Cs2ZrCl6:Re41 system47,48 is a rare example of a
transition-metal-ion system showing upconversion lumin
cence from a second metastable excited state.
Cs2ZrCl6:3.2% Re41, we have investigated the slopes of th
luminescences from theG8(2T1g) and G7(2T2g) excited
states. These excited states correspond to levels 1 and
Fig. 3, respectively. The other excited states of Re41 are not
shown in this figure. After excitation of the system by GS
at the pump wavelength of 1047 nm, fast multiphonon rel
ation populated the metastableG8(2T1g) level. The upcon-
version step toG7(2T2g) was achieved by ETU.47,48

The measured slope~Fig. 8! of the upconversion lumines
cence at 730 nm fromG7(2T2g) decreases with increasin
pump power fromP2 to P1.1 within our experimental power
limits. These values are consistent with the theoretical lim

on

FIG. 7. Measured emission intensity~diamonds! of downcon-
version luminescence from the4F3/2 level ~single-photon excita-
tion! at 1.05mm in LiYF4:Nd31 vs absorbed pump power, afte
excitation at 800 nm into4F5/2 ~Ref. 38!. Also shown are calculated
curves of the downconversion~solid line! and upconversion~dotted
line! luminescence intensities, assuming that 100% of the Nd31 ions
participate in ETU. The calculation considers a Gaussian ra
pump profile. The numbers denote the calculated slopes in dou
logarithmic representation at low and high pump power, resp
tively.
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of P2 at low pump power andP1 at high power. The slope o
the downconversion luminescence at 1.3mm from G8(2T1g),
however, only changes fromP1 at low power toP0.9 at high
power. It is, thus, not correlated to the slope of the upc
version luminescence. This experimental finding is in cle
contradiction to the result of Eq.~10!, which predicts a cor-
relation, i.e., a decrease in slope of the downconversion
minescence fromP1 to P0.5 in the same power range as th
corresponding upconversion luminescence decreases
P2 to P1.

At the simplest level, this observation can be interpre
as reflecting a scenario in which only a certain fraction
excited Re41 ions participates in ETU. This fraction exhibit
a slope of its downconversion luminescence, which
creases to a square-root behavior with increasing pu
power. In the upconversion luminescence, we only probe
fraction of the excited ions, and observe a slope that
creases to a linear behavior with increasing pump power.
other fraction of excited Re41 ions is excluded from ETU. It
luminesces from level 1 to the ground state with a line
slope at all powers~see Sec. V C!.

Based on this interpretation, we have calculated the slo
of the downconversion and upconversion luminescen
with the spectroscopic parameters of Cs2ZrCl6:3.2% Re41,48

for different fractions of ions participating in ETU. Selecte
results are shown in Fig. 8. The model shows agreement w
the measured slopes for a fraction of 40(610)% of the ions
participating in ETU. Although the theoretical method pr
sented in Sec. V C is based on strong simplifications, it illu

FIG. 8. Measured emission intensities from theG8(2T1g)
~single-photon excitation! and G7(2T2g) ~two-photon excitation!
levels at 1.3mm and 730 nm, respectively, in Cs2ZrCl6:3.2% Re41

vs pump power, after excitation at 1.047mm into G8(2T1g) ~Ref.
48!. Also shown are calculated curves, assuming that 100%~dashed
lines!, 40% ~solid lines!, or 1% ~dotted lines! of the Re41 ions
participate in ETU. The calculation assumes a Gaussian ra
pump profile. The numbers denote the experimental slope
double-logarithmic representation at low and high pump power,
spectively.
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trates the important principle that upconversion and do
conversion measurements need not probe the identical s
dopant ions, and this situation can be identified experim
tally.

VII. CONCLUSIONS

Assuming the simplest possiblen-photon upconversion
excitation schemes, we have shown in a general way tha
commonly assumed slope of the luminescence ofPn refers to
the case of infinitely small upconversion rates. A realis
upconversion system that produces detectable upconve
luminescence will exhibit an intensity-versus-power dep
dence, which is less thanPn. Higher pump power and, con
sequently, increasing competition between linear decay
upconversion for the depletion of the intermediate exc
states result in a significantly reduced slope. In most of
investigated cases, if upconversion dominates over linea
cay for the depletion of the intermediate excited states,
slope of the luminescence from the upper staten is almost
linear. The slopes of the luminescences from intermed
excited states are even less than linear and, in the ca
ESA as the upconversion mechanism and ground-state l
nescence as the decay mechanism, are almost independ
pump power.

The above results allow for the interpretation of the slo
of a multiphoton-excited luminescence with respect to
order of the process and its physical origin and strength
addition, the measurement of the slopes of upconversion
downconversion luminescences provides a method to in
tigate the fraction of ions that participate in ETU. With a
curate measurements and a detailed model, it should be
sible with this method to probe the influence of ene
migration on ETU or spatial distributions of ions in crysta
line lattices or glass matrices.

It has been the purpose of this paper to point out
fundamentally important information is contained in t
measured dependence of upconversion-luminescence in
ties on pump power. The population mechanisms found
real systems are often more complex than the basic mo
presented here. However, the fundamental equations
sented in this paper can be adjusted or expanded to a sp
situation.
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