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Dependence of cooperative luminescence intensity on Yb3¿ spatial distribution
in crystals and glasses
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Cooperative emission has been recorded in several Yb31 stoichiometric crystals. Its intensity, normalized by
the square of the2F5/2 excited level population, is shown to depend only on the Yb31 ions spatial distribution.
In most cases, other material dependent parameters do not need to be taken into account, as confirmed by a
theoretical analysis. Cooperative luminescence~CL! is therefore an easy way to probe Yb31 clustering in
crystals and glasses. This measurement has been carried out in aluminosilicate and phosphate glasses for which
CL intensity strongly varies with the glass composition. Two models of Yb distribution are proposed to relate
CL and glass structure or to allow easy comparison between samples. Finally, the extension of these results to
other rare-earth ions and energy transfer processes is examined. It is found that dipole-dipole energy transfer
and CL interaction coefficients vary in the same way but with reduced amplitude for the former. This results
from the CL dependence on a quadrupole-dipole process at short distances.

DOI: 10.1103/PhysRevB.65.054103 PACS number~s!: 78.55.2m, 78.20.2e, 42.70.Ce
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I. INTRODUCTION

The spatial distribution of rare-earth ions~RE! has been
largely studied in crystals and in glasses by optical spect
copy. In the former, pairs or larger aggregates are often
tected as minority sites exhibiting strong energy transfer,
conversion, or reduced lifetimes.1–3 In some crystals such a
CsCdBr3, charge compensation favors RE pairs formati
which are then the main center and in which strong inter
tions are observed.4,5 Even in lightly doped samples, wher
substitution of a trivalent cation is possible, it has be
shown that pairs concentration can largely exceed that
duced from a statistical distribution.6 In glasses, RE cluster
ing has been also widely studied in the field of optic
amplification.7–9 The most common glass used in erbiu
doped fiber amplifiers, nearly pure silica, does not of
proper coordination spheres to RE. This explains the clus
which appear for RE concentrations above a few 100 ppm
the case of erbium, a strong cross relaxation can occur
tween excited states of close ions leading to nonradia
deexcitation and to a decrease in the gain of the amplifier
overcome this limitation, various synthesis methods h
been developed10 but the optimal Er31 concentration for cur-
rent amplifiers still remains under 500 ppm. Clustering h
also to be avoided in the highly doped glasses which may
used for planar wave guides.

Quantitative characterization of RE clustering has be
obtained mainly in fibers or guides by gain10,11 or saturable
absorption12,13 measurements. In bulk samples, energy tra
fer probabilities can be determined but are not only relate
RE distribution. Other parameters may have to be taken
account: phonon cutoff frequency for nonresonant trans
lifetimes of acceptor’s levels, and the absolute excited s
density of the donor. In some cases, a complete analys
the decay curve can bring information about RE-RE mi
mum distance.14 NMR ~Ref. 15! and extended x-ray absorp
tion fine structure~EXAFS! ~Ref. 16! may also be useful in
determining RE distribution.
0163-1829/2002/65~5!/054103~10!/$20.00 65 0541
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Yb31 electronic configuration 4f 13 is limited to two levels
2F5/2 and 2F7/2 separated approximately by 10 000 cm21.
Yb31 doped compounds emit visible light under infrared e
citation in the 2F7/2→2F5/2 transition, around 1mm. This
fluorescence, which is centered at 500 nm, is known as
operative luminescence~CL! and was first observed in
YbPO4.

17 It consists in the simultaneous deexcitation of tw
excited Yb31 ions and the emission of one photon. The ph
ton energy is then the sum of those of the two electro
transitions. The theory of cooperative absorption and em
sion, established by Dexter,18 shows that an interaction be
tween the two ions is necessary to observe the process. C
therefore linked to the spatial distribution of Yb31 ions and
has been analyzed in this way in crystals and glasses.19–24

Although cooperative emission, which is a second-order p
cess, is very weak, it can be measured on bulk sample
relatively low excitation power densities.

In this paper, we first focus on the dependence of
intensity on interionic distances in several stoichiomet
crystals, to precise the effect of the parameters not relate
distance. In a second part, an analysis is made of CL in
sity variations in four oxide glasses and models are propo
to describe Yb31 distribution. Finally, the possibility to trans
pose results obtained in Yb31 doped samples to other RE
briefly examined.

II. EXPERIMENTS

Crystals were synthesized as polycrystalline powders
solid state reactions. Structures were checked by XRD.
glass samples were batch melt and details of the synth
can be found elsewhere.22 The molar composition of alumi-
nosilicate glass~AS1, respectively, AS2! is SiO2: 74%
~62%!, Na2O: 20%, Al2O3: 6% ~18%!. They were prepared
by Corning SA. P1 and P2 phosphate glasses have the
eral molar composition (MgO-2Li2O)12x~P2O5)x with x
50.8 and 1.2 for P1 and P2. All glasses are doped w
5 % wt. Yb2O3.
©2002 The American Physical Society03-1
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CL was recorded through a Jobin-Yvon M25 monoch
mator equipped with a Hamamatsu H 6240-01 photon co
ing head. The excitation source was a Coherent S-98-100
100Q high power laser diode delivering approximately 4
mW at 975 nm. To ensure reproducibility, CL of gla
samples was recorded on calibrated~'80 mm! powders.
Time resolved spectra and lifetimes were measured wit
Hamamatsu InAs photodiode or a RCA photomultiplier a
a pulsed BMI 802 pulsed Ti-Sa laser pumped by a BMI 5
YAG laser. Absorption and diffuse reflectance spectra w
recorded on a Cary 17 spectrophotometer.

III. THEORY

A. Microscopic probability

Cooperative processes correspond to transitions sim
neously involvingN ions and induced by Hamiltonians cou
pling M ions at a time withM,N. For example, cooperativ
sensitization is a three ions process due to Coulombic in
action (N53, M52), whereas usual energy transfer i
volves only two ions (N52, M52). In the case of coopera
tive luminescence~or absorption!, transitions take place in
two ions at the same time due to the one-center electrom
netic field-ion interaction. If the wave functionc of the M
ions system is simply written as the product of the individu
wave functionsc5Pc i , the matrix elements between the
states vanish since thec i are orthogonal. Cooperative pro
cesses are allowed because of interactions between
which prevent the separation of theM ions system wave
function into one-ion wave functions.18 In the case of CL, we
consider two ionsA andB with statesca andcb . The per-
turbed wave functions of the two-ions system are written

cab5cacb2 (
a8,b8

^ca8cb8uHABucacb&ca8cb8
Ea1Eb2Ea82Eb8

, ~1!

whereHAB is the interaction Hamiltonian andEn the energy
of staten. Electric dipole~ed! CL probability between pair
statesuab& and ua8b8& for m polarization is then simply pro
portional to the matrix element

Mm5^abueDm
~1!~A!1eDm

~1!~B!ua8b8&, ~2!

whereDm
(1) is the usual one electron tensorial operator. C

operative processes of higher order, such as magnetic d
emission, are neglected sinceed pair transitions are not for
bidden in the case of Yb31 ions.

Several interactions can result in CL but it has be
shown25 that multipolar electric processes are the largest
Yb31, allowing one to neglect magnetic and exchan
mechanisms.

The electrostatic Hamiltonian is expressed as

HAB5(
i , j

e2

ur i2r j u
,

where the sum runs overA and B electrons. In the case o
nonoverlapping electronic wave functions, this Hamiltoni
can be expanded using standard operator techniques an
troduced in Eqs.~1! and~2!. From this point the calculation
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can be performed using a number of approximations.26 If the
ions wave functions and positions are known, it is possible
compute cooperative transitions probabilities between S
levels using only the closure procedure which is found
Judd’s theory.27 However, few crystal field analysis are ava
able on Yb31 ions and therefore the wave functions are ge
erally unknown. To obtain manageable expressions, it is
of all necessary to averageMm versus the angular depen
dence on ions relative positions. Then several 3-j symbols
have also to be averaged and finally a sum is performed o
the Stark levels of each multiplet assuming equal populati
of these levels. Finally, the only quantity which can be eva
ated is the average value ofSa,b,a8,b8,mMm . The validity of
this calculation is discussed in Sec. IV C.

Under these assumptions, the largest emission proba
ties are due to the quadrupole-dipole~qd! and forced dipole-
dipole (f d-d) processes. The latter is not parity allowed b
gains intensity from odd-parity configuration mixing. Th
relevant expressions are the following:26,28

(
a,b,a8,b8

(
m

uMmu2510S e2

R4D 2

J2~1,2!^2F5/2iU ~2!i2F7/2&
4

3^4 f ir 2i4 f &2^ f iC~2!i f &2 ~3!

for the q-d process and

(
a,b,a8,b8

(
m

uMmu2

5
20

3 S e2

R3D 2

J2~1,2!^2F5/2iU ~2!i2F7/2&
2S~2F5/2,2F7/2!

~4!

for the f d-d process.e is the electron charge~in ESU units!,
R the distance between the interacting ions,J the closure
factor defined by Judd,U (k) the reduced unit tensor operato
andC(k) a reduced tensor operator related to theYq

(k) spheri-
cal harmonics.26 S is the line strength of the infrared trans
tion 2F7/2→2F5/2.

The CL probability for two interacting ions is given by

K5
64p4e2

3hl3

n~n212!2

9

1

~2J11!2 (
a,b,a8,b8

(
m

uMmu2,

~5!

wherel is the mean fluorescence wavelength~'500 nm!, n
is the refraction index atl andJ is the total orbital quantum
number of the emitting states (J5 5

2 ). In the following, the
dependence ofK on interionic distance will be emphasize
by using the reduced quantity (a/R) wherea is a reference
distance. In energy transfer studies, a critical distance is
ten defined as the one for which the transfer probability
tween two ions equals the isolated ions lifetime. Howev
CL probability is extremely weak compared to that of infr
red deexcitation and there is little sense to define a sim
critical distance. Since this study focuses on oxide co
pounds,a is chosen as the minimum Yb-Yb distance
3-2
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DEPENDENCE OF COOPERATIVE LUMINESCENCE . . . PHYSICAL REVIEW B 65 054103
Yb2O3 ~3.45 Å! which is also likely to be the shortest dis
tance found in an oxide glass. With our convention, Eq.~5!
reads

K5Kqd~a!S a

RD 8

1K f dd~a!S a

RD 6

~6!

for q-d and f d-d interactions. From Eqs.~3! and ~4!, the
ratio K f dd /Kqd is expressed as

K f dd

Kqd
5

2Sa2

3^4 f ir 2i4 f &2^ f iC~2!i f &2^2F5/2iU ~2!i2F7/2&
2 .

~7!

K f dd /Kqd depends mainly onS since the other paramete
are usually considered as independent of the host. The ra
and angular matrix elements are calculated from free
wave functions26 ^4 f ir 2i4 f &50.691 a.u., ^ f iC(2)i f &2

51.87, and^2F5/2iU (2)i2F7/2&56/49. S is calculated from
2F5/2 radiative lifetime~see Sec. IV B!.

The dependences on distance of theq-d and f d-d pro-
cesses are shown on Fig. 1 with parameters correspondin
Yb2O3, YbVO4, and YbPO4 ~Table I! and J(1,2)59.5
310212a.u./cm21.26 For the three crystals, the calculate
probabilities are lower than 0.1 s21 even for very short dis-
tances between the interacting ions. The relative magnit
of q-d and f d-d processes change with values ofS and the

FIG. 1. Dependence of cooperative emission probability on
tanceR between interacting ions in Yb2O3, YbPO4, and YVO4.
Solid line: quadrupole-dipole process, dotted line: forced dipo
dipole process.
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distances for which the two processes have equal probab
are 8.7 Å for YbPO4, 10.4 Å for Yb2O3, and 13.0 Å for
YbVO4. There is therefore a stronger variation on distan
for short-range interaction.

B. Rate equation

Since the samples studied here have Yb31 concentrations
higher than 1020cm23, a fast resonant nonradiative energ
diffusion takes place. In this case, we simply write the ev
lution of Yb31 levels populations using a rate equation

dN1

dt
5PN02

N1

t
2

X

Nc
N1

2, ~8!

whereN1 andN0 are, respectively, the2F5/2 and 2F7/2 level
populations,P is the excitation rate,t is the 2F5/2 level life-
time, andNc is the Yb31 chemical concentration.X is the
average cooperative interaction coefficient defined as

X5(
n8

K~n,n8!, ~9!

where the sum runs over all neighborsn8 of a given ionn. In
the following,X will be evaluated for different materials an
will be used to quantify Yb31 clustering. Since CL probabil-
ity is always very small compared to the infrared one at
excitation rates we used, the steady-state excited state p
lation is simply given by

N1'PN0t.

For a sample of thicknesse, the integrated CL intensityI coop
allowed us to calculate experimental values ofX:

I coop5
1

2 E0

e X

Nc
N1~z!2dz5

1

2

X

Nc
t2I laser

2 a

2
~12e22ae!

5t2I laser
2 a

2
~12e22ae!E I coop

N ~l!dl, ~10!

wherea is the absorption coefficient at the excitation wav
length andI laser the excitation power density.I coop

N (l) is the
normalized CL. The thickness of the analyzed volume
powder has to be taken into account because it may no
optically thin, especially at high concentrations. To check
dependence ofI coop on a, CL excitation spectra were plotte
versus absorption coefficient for several samples. Figur
shows excitation spectra of an aluminosilicate glass with
sorption coefficients ranging from 0.4 to 8 cm21 and of
YbPO4 which reaches 187 cm21. @The absorption coeffi-
cients of Yb:LuPO4 ~Ref. 29! were used for the latter com
pound#. The best fit of the experimental data of Fig. 2 by E
~10! corresponds to a thickness of 767mm. It is worth notic-
ing that Eq.~10! is able to describe the absorbed power
whole range of absorption.

Finally, it is important to clearly identify CL since pollu
tion by other rare-earths ions can result in upconverted em
sions by energy transfer in the same region.22 The distinctive
properties of the cooperative emission are first the absenc
rise time under pulsed excitation~fast diffusion hypothesis!.

-

-

3-3
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Upconversion by energy transfer involves intermediate lev
and therefore always exhibits rise times. Excited state
sorption should be negligible in Er31 and Tm31 ions which
are the main impurities emitting in the 450–550 nm regio
Second, the cooperative spectrum corresponds to the co
lution of the infrared emission spectrum since energy is c
served. Most of the time, intensities are not always faithfu
reproduced since CL probabilities are not directly linked
the infrared ones@see Eqs.~3! and ~4!#.

IV. COOPERATIVE EMISSION INTENSITY
IN STOICHIOMETRIC CRYSTALS

To be able to quantify average cooperative interaction
efficient in a variety of materials, we have first calibrated o
experiment with fully concentrated crystals~Yb2O3, YbVO4,
YbPO4, and YbP3O9! in which Yb31 ions positions are
known. These crystals have been chosen to get significa
different ions distributions, allowing us to test Eqs.~3! and
~4!. In the following we first deal with the spectroscop
properties of these materials and then turn to quantita
analysis of CL intensities.

A. Spectroscopic properties

Figure 3 shows the visible emissions of Yb2O3, YbPO4,
YbVO4, and YbP3O9 crystals. Convolutions of the IR spectr
have been computed using the expression

f conv~E!5E f IR~E8! f IR~E2E8!dE8

and are also plotted in comparison with the visible spec
This allows us to clearly identify some impurities emissio
~indicated by stars on the spectra!, which we attribute to Er31

and Tm31 ions excited by Yb31 through upconversion. How
ever, as mentioned in the preceding section, the precise s
of the supposed cooperative emissions cannot be determ
this way. Moreover, the contribution of the1G4→3H6 emis-

FIG. 2. Cooperative luminescence excitation spectrum ve
absorption coefficienta in YbPO4 ~circles! and in a Yb31 doped
aluminosilicate glass~squares!. Solid line: best fit according to Eq
~10! (e5767mm).
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sion from Tm31 ~around 475 nm! to the band centered
around 500 nm is difficult to estimate. We have therefo
recorded time resolved spectra to separate cooperative
from energy transfer related emissions by taking advant
of differences in rise times. Figure 4 shows the decay cur

s

FIG. 3. Visible emissions of Yb2O3, YbPO4, YbVO4, and
YbP3O9 under infrared excitation~975 nm!. Dotted lines: convolu-
tion of IR spectrum. Stars denote emissions from Tm31 and Er31

impurities.

FIG. 4. Decay curves recorded at 500, 470, and 550 nm a
excitation at 954 nm~pulse duration 8 ns! of YbVO4.
3-4
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recorded at 500, 470, and 550 nm in YbVO4 using a short
pulse excitation~'8 ns!. The two latter emissions have re
spective rise times of 1.6 and 1ms and reflect energy transfe
mechanisms. On the opposite, the'100 ns rise time ob-
served on the 500 nm decay is instrument limited, confir
ing the cooperative nature of this emission. A time resolv
emission spectrum is shown in Fig. 5. The short delay a
the excitation~219 ns! and the small width of the integratio
gate ~200 ns! allows us to remove completely Tm31 emis-
sions and to strongly decrease Er31 ones.~It was not pos-
sible, even for very small gates and delays, to obtain co
erative emission alone.! The spectra were normalized at 50
nm since decay curves show only cooperative process at
wavelength. CL actual shape is then easily found by dec
volution from the time-resolved spectrum. This procedu
has been carried out for all the crystals prior to the integ
tion of CL spectrum.

In order to evaluate the absorbed excitation powers in
different crystals, diffuse reflectance spectra were recor
and compared to cooperative luminescence excitation s
tra. Figure 6 shows that, at high absorbed fractions coe
cients, CL intensity depends quadratically on the absor
power measured by diffuse reflection. This is not surpris
since diffuse reflectance spectra saturate very easily at
absorption coefficients. The excitation wavelength used
cooperative intensity measurements~975 nm! lies well in the
quadratic dependence region and we used this law for r
tive measurements between crystals. Infrared emission d
times are summarized in Table I.

B. Cooperative interaction coefficients

The structural data on the crystals studied are presente
Table I. The compounds were chosen to cover a wide ra
of cooperative interaction coefficients especially by vary
the minimum distance between nearest neighbors. From
structures, we calculated for a given ion the sumsXth /Kqd
5S(a/R)81(K f dd /Kqd)S(a/R)6 over all neighbors. The
sums were then averaged according to the sites conce

FIG. 5. Dotted line: time resolved emission spectrum~gate
width: 200 ns, delay: 219 ns!, solid line: emission spectrum unde
cw excitation.
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tion. A large number of neighbors were taken into accoun
ensure convergence which occurred betweenRc56.55 Å for
the closely packed structure (Yb2O3) and Rc513.98 Å for
large distances between ions (YbP3O9), as shown in Table I.
Rc is the distance for which the sums reach 99% of th
limit. To computeK f dd /Kqd ,S was determined from infrared
lifetimes t by the expression

S5
3h~2J11!l3

64p4e2xt
.

These lifetimes, measured in lightly doped samples, w
considered as radiative since Yb31 is not very sensitive to
nonradiative relaxation or concentration quenching. Ma
netic dipole contributions toS are usually negligible. In the
case of YbP3O9, no data on lifetimes were available, so th
a range of values, representing approximately what is fo
in oxide crystals and glasses, is given. The rat
K f ddS(a/R)6/KqdS(a/R)8 are given in Table I. Thef d-d
contribution is higher in the larger structure YbP3O9, but the
effect of S can be seen in the low value found for YbVO4.

Experimental and theoretical values are shown in Fig
and are in very good agreement on a large range~there is a
factor of 50 between the highest and the lowest values forX!.
This suggests that, to a large extent, cooperative interac
coefficients depend mostly on the distance distribution
tween Yb31 ions. An analysis of this result in the frame o
the theory summarized in Sec. III is presented in the n
section.

C. Discussion

A previous study on Yb:CsCdBr3 single crystal showed
that absolute values of cooperative luminescence intens
could be accounted for by multipolar interactions@Eqs. ~3!
and ~4!# only within an order of magnitude.25,28 However,
Yb31 spatial distribution~symmetric and asymmetric pairs!
was not precisely known. In Yb:LiNbO3, the same formula
were used to deduce the ions pair concentration, which w
in reasonable agreement with other experiments.23 In both

FIG. 6. Cooperative luminescence excitation spectrum ver
absorbed fraction measured by diffuse reflectance in YbP4.
Dashed line: quadratic fit.
3-5
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TABLE I. Spectroscopic and structural parameters of Yb2O3, YbPO4, YbVO4, and YbP3O9.

Parameters Yb2O3 YbPO4 YbVO4 YbP3O9

Space group Ia3̄ I41 /amd I41 /amd P21 /c

Cell parameters~Å! a510.434 a5b56.816
c55.966

a5b57.043
c56.247

a511.219
b519.983
c59.999
b597.3°

Yb31 concentration~cm23! 2.8231022 1.4431022 1.2931022 5.431021

Yb31 sites and abundance C3i :0.25
C2 :0.75

D2d D2d Ci :2/12,Ci :2/12
C1 :4/12,C1 :4/12

Rc ~Å! 6.55 9.06 9.16 13.98
Measured2F5/2 lifetime ~ms! 18 48 40 100

Estimated radiative
2F5/2 lifetime ~ms!

0.85 ~Ref. 40! 0.83 ~Ref. 29! 1.2 ~Ref. 41! 0.8–1.5

S ~cm2! 1.22310224 1.72310224 0.79310224 1.49– 2.8310224

Estimated refractive index 2.0~Ref. 42! 1.83 ~Ref. 29! 2.05 1.6~Ref. 42!
K f ddS(a/R)6/KqdS(a/R)8 0.14 0.22 0.11 0.9–0.48

a ~cm21! at 975 nm 187~Ref. 29!
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cases, Eqs.~3! and ~4!, which contain no adjustable param
eters, were found to give acceptable results, although sev
approximations are made in their derivations:~1! A closure
procedure is performed, assuming completely degene
configurations@J~1, 2! term#, ~2! populations of emitting
level are equally distributed,~3! angular dependences a
averaged.

The first two assumptions are used in the successful J
Ofelt theory,27,30although their validity can be questioned f
some RE ions.31 For Yb31, the energy differences betwee
4 f and the exited configurations~5d and ng! are large
@DE(4 f 25d)'100 000 cm21# and is insensitive to the 4f
energy range~10 000 cm21!. On the other hand, the splittin
of the 2F7/2 and 2F5/2 multiplets often reach 500–700 cm21

which weakens the second hypothesis and restricts it at
to room temperature.

The angular average has also to be used carefully, e
cially with high symmetry sites. For example, electrosta

FIG. 7. Experimental (Xexp) average interaction coefficient
plotted versus theoretical (Xthe/Kqd) ones for several stoichiometri
crystals~squares!. Straight line: linear fit.
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interactions between identical centrosymmetric si
vanish.19 This has to be taken into account in compoun
with single centrosymmetric sites, but when several sites
ist, ions in centrosymmetric site have often most of th
neighbors on different centrosymmetric and noncentrosy
metric sites. In the crystals studied here, only Yb2O3 and
YbP3O9 have centrosymmetric sites~Table I!. Removing in-
teractions between identical centrosymmetric sites has l
influence on average cooperative interaction coefficients.
example,S(a/R)8 varies from 8.34 to 8.28 in Yb2O3 and
0.1140 to 0.1137 in YbP3O9. The other sites have rather low
symmetries for which the averaging procedure should
more valid. Finally, the crystals chosen do not have low
mensionality which could strongly restrict RE relative po
tions. In glasses, RE sites have been shown to be of ra
low symmetries (C2v) ~Ref. 32! and are disordered enoug
to provide accurate angular averaging.

In summary, the approximations used to derive Eqs.~3!
and~4! can be used in many hosts, although absolute val
computed withab initio or measured parameters, may n
reproduce accurately experimental results. It seems th
detailed study on a stoichiometric single crystal~such as
Yb2O3! could be useful to completely check CL theory.

We now turn to the dependence of Eqs.~3! and~4! on the
host material. The most sensitive~and unmeasurable! quan-
tity is J~1,2! because it involves unshielded excited config
rations. Limiting nd configurations to 5d, J~1,2! is ex-
pressed as

J~1,2!52S 2
6A14

35

^4 f ur u5d&2

DE~4 f 25d!

2
2A14

21 (
n

^4 f ur ung&^ngur u4 f &
DE~4 f 2ng! D . ~11!

J~1,2! is also contained in theV2 parameter of the Judd
Ofelt theory. V2 has been shown to depend mostly
3-6
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crystal-field parameters and not on 5d electron density which
modifies radial integrals. OnlyV4 andV6 show correlations
with 5d electron density because they involve^4 f ur ku5d&
with (k.2) integrals.33 For fixed ion environment~i.e., con-
stant crystal-field parameters!, V2 is well correlated to the
covalency of the RE-ligand bond which is closely related
DE(4 f 25d) ~nephelauxetic effect!.34 DE(4 f 25d) varia-
tion in oxide compounds can be estimated by the result
Dorenbos.35 Applying his equations to Yb31, the lowest en-
ergy level of the 5d configuration is found between 51 34
and 72 340 cm21 above the 4f configuration. This is only a
40% change for the whole range of oxide compounds. Si
the barycenter of the 5d configuration is expected to var
much less than this~typically 3 to 4 times!,36 we can con-
sider DE(4 f 25d) as nearly constant for Yb31 since our
experimental errors are estimated to be610%. Concerning
ng configurations, the sum appearing in Eq.~11! can be
evaluated by the closure procedureSn^4 f ur ung&^ngur ung&
'^4 f ur 2u4 f &. Then,ng contribution toJ~1,2! is 37% with
DE(4 f 2ng)5217 000 cm21. These configurations lie
higher in energy than 5d and relative variations ofDE(4 f
2ng) are also likely to be small.

In conclusion, the experimental result of Fig. 7, the d
pendence ofX only on interionic distance, is in qualitativ
agreement with theory. Evaluating spatial distribution
Yb31 ions by CL intensity, properly normalized, should b
possible in a wide range of materials, although special ca
of high symmetry sites have to be considered carefully.
rameters needed for normalization are easy to measure:2F5/2
lifetime and absorption coefficient at the excitation wav
length. This method can be also applied to other compou
fluoride and bromides for example in whichDE(4 f 25d) is
also fairly constant.35 However in these low phonon mater
als, the weak CL is often hidden by emissions from Er31 and
Tm31 ions excited by energy transfer upconversion. In t
respect, purity of the samples is extremely important.

V. COOPERATIVE EMISSION
IN YTTERBIUM DOPED GLASSES

A. Spectroscopic properties

Normalized CL spectra of aluminosilicate glasses A
and AS2 are shown in Fig. 8. The emission is cente
around 500 nm with a spectral width of about 40 nm. A
has a much stronger CL than AS1 and in the latter ca
upconverted emissions of Tm31 and Er31 which are presen
in the glass as impurities are clearly observed in the ran
470–485 nm and 520–555 nm. The origin of the visib
emission has been confirmed by convolution of the infra
emission spectrum and lifetimes measurements. For AS1
tegrated CL intensity was determined by deconvoluting
emission spectrum and using CL spectrum free of impuri
emission as a reference.

CL in phosphate glasses P1 and P2 is also centered ar
500 nm~Fig. 9!. However, its intensity is much lower than i
AS glasses so that emissions of Tm31 and Er31 may be
larger than CL if the purity of the samples~especially Yb2O3
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starting material! is not high enough. As in AS1, carefu
deconvolution was performed to obtain reliable CL inten
ties.

B. Variation of the cooperative interaction coefficient

The cooperative interaction coefficient is determined
the same way for glasses as for stoichiometric crystals ex
that absorption coefficients could be measured and were
to directly normalize CL intensities. The parameters used
the calculations can be found in Table II. The values obtain
are then compared to those found for YbPO4, allowing us to
determineX/XYbPO4

for each sample~see Table II!. Large
variations of this ratio are observed in the silicate and ph
phate glasses as their compositions vary. This effect is
lated to the structural changes of the glasses network.22,37

To get a more quantitative analysis of CL intensity var
tions, two models of Yb31 distribution are proposed. The
do not take into account the specific structures of each g
which define precisely the environment of RE ions and th
spatial distribution. Such models, possibly determined fr

FIG. 8. Normalized cooperative emission spectra for alumi
silicate glasses AS1 and AS2.

FIG. 9. Solid lines: Normalized visible emission spectra f
phosphate glasses P1 and P2. Dotted lines: deconvoluted coo
tive emission spectrum.
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TABLE II. Spectroscopic data, cooperative luminescence and cross-relaxation average interactio
ficients and distribution parameters in Yb doped glasses.

Parameters AS1 AS2 P1 P2

Yb31 concentration~cm23! 3.6631020 3.7031020 3.7331020 3.8031020

2F5/2 lifetime ~ms! 1.90 1.0 1.0 1.0
refraction index 1.5 1.5 1.5 1.5

a ~cm21! ~at 975 nm! 1.49 4.83 3.07 3.47
X/XYbPO4

3.431023 0.15 5.8631024 1.731023

X/Xref 2.4 104.5 2.2 6.3
XCR/XCRref 1.5 31 1.4 2.6

d0 ~Å! 5.6 5.6 9.07 9.07
f 3k 0.03 1.91 0.02 0.1

Neff ~cm23! 6.031019 2.731021 1.031019 3.0131019

Neff /Nc 0.16 7.2 2.731022 7.931022
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molecular dynamics simulations, would be too complica
for a convenient treatment, especially in multicompone
glasses. In opposition, the following treatments are based
general reference distributions defined as random wit
minimal distance between RE ions. The minimal distan
requirement allows one to take into account the availa
‘‘sites’’ for the RE ions. For a given concentrationNs of
available sites, the random distribution is the limiting case
the quenching of an ideal melt if the RE concentrationNc is
much lower thanNs .

In the first model, the chemical origin of the clustering
accounted for by dividing Yb31 ions in two classes accord
ing to a characteristic distanced0 . Ions which have no
neighbors withind0 are considered to be ‘‘homogeneously
distributed and ions which have at least one neighbor wit
this distance are part of a cluster. In the latter, the minim
distance between two ions isa. Ions are randomly distributed
in both classes since glasses usually do not restrict RE
distances to precise values. As seen in Sec. III A, this m
mum distance is set toa, the shortest distance found i
Yb2O3 (a53.45 Å). The average cooperative interaction c
efficient, resulting from the contributions of clusters and t
homogeneous part, is given by

X5 f E
a

d0
4pR2

k

V FKqd~a!S a

RD 8

1K f dd~a!S a

RD 6GdR,

1E
d0

`

4pR2NcFKqd~a!S a

RD 8

1K f dd~a!S a

RD 6GdR,

~12!

where V54/3p(d0
32a3), k11 is the average number o

ions in the clusters, andf is the fraction of ions belonging to
a cluster. This expression takes into account the fact tha
a given ion, the contribution toX of its neighbors located a
distances larger thand0 is the same whether they belong
the homogeneous part or clusters. The clusters are also
sidered to be randomly distributed themselves.

In order to determine the last term of Eq.~12!, a reference
sample has to be chosen. Practically, a glass of close com
sition to those studied and having the lowestX is considered
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as free of clusters. In this case,f 50 and d0 is calculated
from the experimental value ofXref . For all other samples
with X.Xref , the productfk is determined. Since we hav
access only toX, it is not possible to determine indepen
dently f andk. Figure 10 shows thef -k curves corresponding
to AS1, AS2, P1, and P2 samples. For aluminosilica
~phosphates!, the d0 distance is 5.60 Å~9.07 Å!, which is
much lower than the highest minimal distance between i
at this concentrationd0,max52(3/4pNc)

1/3'17 Å. It can be
seen that for high values ofX, clusters must have a minimum
size: in AS2, there is at least an average of 3.1 ions in e
clusters. On the other extreme, it also possible that
sample contains larger clusters for lowerf. As a limit for k,
the case of Yb2O3 can be considered. For this crystal, ea
Yb31 ion has about 19 neighbors within 5.6 Å. If such m
crocrystals exist in AS2, the corresponding fraction would
f '0.1.

FIG. 10. Fraction of clusters versus cluster size in aluminos
cate and phosphate glasses.
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On the other hand for glasses in which ions are well i
lated from each other as in phosphate glasses, thekf product
is always found to be very low, even ifX vary significantly
from one sample to the other. It may be useful then to k
only the homogeneous part of Eq.~12! and to calculated0
distances for each sample. For P1 and P2, this distanc
7.42 and 5.67 Å. The latter value compares well with t
minimum distance of 5.6 Å between Nd31 ions found in a
glass of similar composition.38

This first model may be useful in comparing CL intera
tion coefficients with other measurements sensitive to c
tering. However, eachf -k curve is calculated relatively to
reference sample chosen in a given type of glass. This
lead to difficult comparisons: in Fig. 10, P2 appears as c
taining more clusters than AS1, althoughX~AS1!.X~P2!.
For the purpose of comparison between various kinds
glasses, a second description is therefore proposed.

In this model, the common reference for all materials w
Nc RE concentration is the random distribution witha as the
minimum distance between RE ions. The average interac
coefficient is given by

Xh~Nc!5E
a

`

4pR2NcFKqd~a!S a

RD 8

1K f dd~a!S a

RD 6GdR.

~13!

Other samples may have, at the same concentration, hi
or lower average interaction coefficients. In the first case,
sample will be considered as containing clusters and in
second case as being more homogeneous than the ra
distribution. Clusters are defined here in comparison with
random distribution and not with respect to the presence
close ions. An effective concentration is simply defined
any sample as

Neff5
X

Xh
Nc .

Values ofNeff /Nc of the glass samples are shown in Tab
II. For silicate glasses, it is possible to reach high values
clustering and it is interesting to compare the absolute va
of Neff with the concentrations of the crystals studied in S
IV. Even in the worst case, we reach 2.731021cm23, which
is one order of magnitude lower than what is found
Yb2O3. Very high value ofNeff would indicate the formation
of microcrystals. On the opposite, lowNeff , as in phosphate
glasses, indicate interionic distances much larger than tha
the random reference sample. The lower limit of the effect
concentration, corresponding tod0,max, is Neff'5
31017cm23 which is still 20 times lower thanNeff for P1.

C. Extension to other rare-earth ions

The possible extension of the results obtained on Yb31 to
other RE assumes first that the spatial distribution is in
pendent, to a reasonable extent, from the RE. This assu
tion should be quite justified for Tm31 and Er31 ions which
sizes are close to Yb31 one. Glasses may be also more su
able than crystals since the glass structure is often the m
important parameter for RE distribution.22 At low RE con-
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centrations, the structure is unaffected by the doping. A
other point to be considered is the nature of the interactio
Energy transfer, which is often the process of interest, can
due to a dipole-dipole mechanism which hasR26 depen-
dence on RE-RE distance. Therefore variations of ene
transfer average interaction coefficients may not follow C
ones.

As an example, an important and detrimental ene
transfer, which is found in Er31 doped fiber amplifiers, is the
(4I 13/2, 4I 13/2)→(4I 13/2, 4I 15/2) cross relaxation. This pro
cess reduces4I 13/2 level population and the gain on th
4I 13/2→4I 15/2 transition at 1.55mm. It is usually treated as a
dipole-dipole mechanism with a critical distance of 1.0 nm
silicate glasses.12,39 For highly doped glasses, fast resona
energy diffusion occurs and rate equations can be used in
same way as for CL~see Sec. III B!. The average cross
relaxation probabilityXCR is then expressed as

XCR50.5H f E
a

d0
4pR2

k

V FKCR~a!S a

RD 6GdR

1E
d0

`

4pR2NcFKCR~a!S a

RD 6GdRJ ,

whereKCR is the probability of the cross relaxation betwe
two ions at distancea. As in the case of CL,XCR depends
only on fk products. Assuming thatKCR does not vary in a
type of glassesXCR/XCRref ratios are presented in Table II fo
the four glasses studied above~the reference samples ar
those used in the CL study!. Although qualitative variations
are preserved,XCR/XCRref ratios are 2–3 times smaller tha
X/Xref as can be expected from the distance dependenc
the processes. Since CL is dominated at short distances
q-d process, the variations induced by clustering are m
pronounced. Extension of CL results between materials
largely different compositions is also to be carefully pe
formed sinceKCR may be very dependent on paramete
such as phonon cutoff frequency and overlap integrals.

VI. CONCLUSION

CL has been recorded in several Yb31 stoichiometric
crystals and its intensity was found to be well described
the sum of the two theoretically largest process
quadrupole-dipole and dipole-dipole interactions. All para
eters were kept constant except for the Yb-Yb distances
tributions. This result shows that CL intensity, properly no
malized by the square of the2F5/2 level population, can be
easily used to quantitatively probe Yb31 spatial distribution.
This result is confirmed by an analysis of the microscopic
emission probability. Due to the low multipolar order of in
teractions between Yb31, CL probability for a given Yb-Yb
distance is related mainly to the energy difference betw
4 f 13 and 5d4 f 12 configurations. Since the latter has limite
evolution through the oxide compounds, we conclude t
CL intensity is generally independent of the host for identi
Yb distributions. However, in crystals where all RE sit
symmetry is high or with low dimensional RE distribution
CL intensity may depart strongly from this conclusion.
3-9
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RE clustering can be probed in glasses by CL meas
ments since RE sites symmetry are usually low and the
dom nature of the host increases the validity of the averag
used in CL probability calculations. Experiments are eas
when RE impurities, especially Er and Tm, have low upco
verted emissions. In low phonon or highly polluted mate
als, they may hide CL. Two models are proposed to ana
quantitatively CL intensity: in the first one clustering is d
fined with respect to the sample of close composition w
the lowest CL intensity. This is useful, for example, to co
relate clustering with glasses structures. To obtain a con
tent parameter for comparing a wider range of materials
effective concentration is defined using a reference rand
distribution with a minimal distance between ions cor
,
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pt
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sponding to that found in Yb2O3 ~3.45 Å!. Finally, the results
obtained with CL experiments can be transposed to ene
transfer between other RE assuming identical distributi
When energy transfer probability is governed by dipo
dipole processes, its relative variations are lower than th
of CL. For an accurate transposition, other parameters, s
as phonon cutoff frequency and overlap integrals, have a
to be taken into account.
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