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Cooperative emission has been recorded in severdll ¥toichiometric crystals. Its intensity, normalized by
the square of théF g, excited level population, is shown to depend only on thé*Yibns spatial distribution.
In most cases, other material dependent parameters do not need to be taken into account, as confirmed by a
theoretical analysis. Cooperative luminescef€e) is therefore an easy way to probe ¥bclustering 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.
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. INTRODUCTION Yb3* electronic configuration #-3 is limited to two levels
2F¢, and 2F,, separated approximately by 10000 ¢t
The spatial distribution of rare-earth iofRE) has been yp3* doped compounds emit visible light under infrared ex-
largely studied in crystals and in glasses by optical spectrogsitation in the 2F;,—2F s/, transition, around lum. This
copy. In the former, pairs or larger aggregates are often detyorescence, which is centered at 500 nm, is known as co-
tected as minority sites exhibiting strong energy transfer, URperative luminescencéCL) and was first observed in
conversion, or reduced lifetimés® In some crystals such as yhpQ, 17 It consists in the simultaneous deexcitation of two
CsCdBg, charge compensation favors RE pairs formation,excited Y+ ions and the emission of one photon. The pho-
which are then the main center and in which strong interacgn, energy is then the sum of those of the two electronic
tions are observett? Even in lightly doped samples, where transitions. The theory of cooperative absorption and emis-
substitution of a trivalent cation is possible, it has beensjon, established by Dext&t,shows that an interaction be-
shown that pairs concentration can largely exceed that degween the two ions is necessary to observe the process. CL is
duced from a statistical distributidhin glasses, RE cluster- therefore linked to the spatial distribution of ¥bions and
ing has been also widely studied in the field of opticalhas peen analyzed in this way in crystals and gla¥sés.
amplification.™ The most common glass used in erbium ajthough cooperative emission, which is a second-order pro-
doped fiber amplifiers, nearly pure silica, does not offercegs is very weak, it can be measured on bulk samples at
proper coordination spheres to RE. This explains the C|USter|%|ative|y low excitation power densities.
which appear fo_r RE concentrations above gfew 100 ppm. In | this paper, we first focus on the dependence of CL
the case of erbium, a strong cross relaxation can occur bntensity on interionic distances in several stoichiometric
tween excited states of close ions leading to nonradiativgrystals, to precise the effect of the parameters not related to
deexcitation and to a decrease in the gain of the amplifier. Tistance. In a second part, an analysis is made of CL inten-
overcome this limitation, various synthesis methods haveity variations in four oxide glasses and models are proposed
been developed but the optimal Ef* concentration for cur- 1o describe YB* distribution. Finally, the possibility to trans-

rent amplifiers still remains under 500 ppm. Clustering hagyose results obtained in ¥b doped samples to other RE is
also to be avoided in the highly doped glasses which may bgyiefly examined.

used for planar wave guides.

Quantitative characterization of RE clustering has been
obtained mainly in fibers or guides by g#if* or saturable
absorptioh®** measurements. In bulk samples, energy trans- Crystals were synthesized as polycrystalline powders by
fer probabilities can be determined but are not only related tgolid state reactions. Structures were checked by XRD. All
RE distribution. Other parameters may have to be taken intglass samples were batch melt and details of the synthesis
account: phonon cutoff frequency for nonresonant transferzan be found elsewhefé The molar composition of alumi-
lifetimes of acceptor’s levels, and the absolute excited stat@osilicate glass(AS1, respectively, ASRis SiO,: 74%
density of the donor. In some cases, a complete analysis ¢62%), Na,O: 20%, ALO;: 6% (18%). They were prepared
the decay curve can bring information about RE-RE mini-by Corning SA. P1 and P2 phosphate glasses have the gen-
mum distancé’ NMR (Ref. 15 and extended x-ray absorp- eral molar composition (MgO-2kD);_,(P;0s), With X
tion fine structurd EXAFS) (Ref. 16 may also be usefulin  =0.8 and 1.2 for P1 and P2. All glasses are doped with
determining RE distribution. 5 % wt. Y,0s.

II. EXPERIMENTS
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CL was recorded through a Jobin-Yvon M25 monochro-can be performed using a number of approximatfSristhe
mator equipped with a Hamamatsu H 6240-01 photon countions wave functions and positions are known, it is possible to
ing head. The excitation source was a Coherent S-98-1000@ompute cooperative transitions probabilities between Stark
100Q high power laser diode delivering approximately 400levels using only the closure procedure which is found in
mW at 975 nm. To ensure reproducibility, CL of glass Judd's theon?” However, few crystal field analysis are avail-
samples was recorded on calibratéd80 wm) powders. able on YB* ions and therefore the wave functions are gen-
Time resolved spectra and lifetimes were measured with arally unknown. To obtain manageable expressions, it is first
Hamamatsu InAs photodiode or a RCA photomultiplier andof all necessary to averadd,, versus the angular depen-

a pulsed BMI 802 pulsed Ti-Sa laser pumped by a BMI 520dence on ions relative positions. Then severgl 8ymbols
YAG laser. Absorption and diffuse reflectance spectra weréave also to be averaged and finally a sum is performed over

recorded on a Cary 17 spectrophotometer. the Stark levels of each multiplet assuming equal populations
of these levels. Finally, the only quantity which can be evalu-
ll. THEORY ated is the average value Bf, o' ' mMpy. The validity of

this calculation is discussed in Sec. IV C.

Under these assumptions, the largest emission probabili-
Cooperative processes correspond to transitions simultdies are due to the quadrupole-dipétgl) and forced dipole-
neously involvingN ions and induced by Hamiltonians cou- dipole (fd-d) processes. The latter is not parity allowed but
pling M ions at a time withtM <N. For example, cooperative gains intensity from odd-parity configuration mixing. The

sensitization is a three ions process due to Coulombic interelevant expressions are the followiffef®

action N=3, M=2), whereas usual energy transfer in-

volves only two ions =2, M=2). In the case of coopera- e?\?_

tive luminescencedor absorptiol, transitions take place in > 2 |Mm|2:10(@) EA(1,2(*Fs ] UP|IPF*
two ions at the same time due to the one-center electromag-a'b’a"b/ "

netic field-ion interaction. If the wave functiog# of the M ><<4f||r2||4f>2<f|\C<2>||f>2 ©)
ions system is simply written as the product of the individual

wave functionsy=1I1¢;, the matrix elements between these for the g-d process and

states vanish since th& are orthogonal. Cooperative pro-

cesses are allowed because of interactions between ions

which prevent the separation of théd ions system wave 2 E IM |

function into one-ion wave functiorfé.In the case of CL, we 020" T

A. Microscopic probability

consider two ionsA and B with statesy, and ¢,. The per- 20/ e? ZHZ ) 212 e )
turbed wave functions of the two-ions system are written as =73 | g3/ = (L,2(*Fs5 U2 |°F712°S(*F 512, °F 72)
<$a"/’b’|HAB| ‘/’a‘pb>¢a’¢b’ (4)
baw=vah- 2 e e F, 0 O

for the fd-d processe s the electron chargén ESU unitg,
whereH 5 is the interaction Hamiltonian arf, the energy R the distance between the interacting ioBsthe closure
of staten. Electric dipole(ed CL probability between pair factor defined by Judd)® the reduced unit tensor operator
statesab) and|a’b’) for m polarization is then simply pro- andC® a reduced tensor operator related to ‘ﬂ@@ spheri-

portional to the matrix element cal harmonicg® Sis the line strength of the infrared transi-
(1) (1) o tion 2F7/2—>2F5/2.
Mp,=(ableDy’(A)+eDy’(B)|a’b’), 2 The CL probability for two interacting ions is given by

whereDY is the usual one electron tensorial operator. Co- 42 2 a2
647 e n(n“+2) 1

operative processes of higher order, such as magnetic dipole |, _ DS M2
emission, are neglected sined pair transitions are not for- 3h\° 9 (DG, wmT™
bidden in the case of Yb ions. (5)

Several interactions can result in CL but it has been .
showr?® that multipolar electric processes are the largest fowhere\ is the mean fluorescence waveleng#500 nmj, n
Yb3*, allowing one to neglect magnetic and exchanges the refraction index at andJ is the total orbital quantum
mechanisms. number of the emitting statesg€ 3). In the following, the

The electrostatic Hamiltonian is expressed as dependence oK on interionic distance will be emphasized
by using the reduced quantity(R) wherea is a reference
distance. In energy transfer studies, a critical distance is of-
HAB:Z ﬁ ten defined as the one for which the transfer probability be-
b tween two ions equals the isolated ions lifetime. However,
where the sum runs ovekx and B electrons. In the case of CL probability is extremely weak compared to that of infra-
nonoverlapping electronic wave functions, this Hamiltonianred deexcitation and there is little sense to define a similar
can be expanded using standard operator techniques and iritical distance. Since this study focuses on oxide com-
troduced in Eqs(1) and(2). From this point the calculations pounds,a is chosen as the minimum Yb-Yb distance in

054103-2



DEPENDENCE OF COOPERATIVE LUMINESCENE. . . PHYSICAL REVIEW B 65 054103

10° distances for which the two processes have equal probability
1071 YbVO, are 8.7 A for YbPQ, 10.4 A for Yb,O;, and 13.0 A for
7 - YbVO,. There is therefore a stronger variation on distance
184_ for short-range interaction.
—~ 10°-
o 10°4 B. Rate equation
R -7
£ 183 A — Since the samples studied here havée'Yboncentrations
5 2 4 6 8 10 12 14 16 18 20 22  higher than 1&cm 3, a fast resonant nonradiative energy
9 10j' diffusion takes place. In this case, we simply write the evo-
5 107 lution of Yb®" levels populations using a rate equation
10%
5 10°1 dN N, X
@ 40% 4 PN - N2 8
g 10::_ dt 0 T Nc 1 ( )
© 10°1 )
0 1071 whereN; andN, are, respectively, théFg,, and °F,, level
£ 10 +—-r—1—"-"7r—"r-—T"T""T""T"T" populations P is the excitation rater is the 2F5,2 level life-
® ,2 4 6 8 10 12 14 16 18 20 22 time, andN, is the YB** chemical concentratiorX is the
g 118_, ] average cooperative interaction coefficient defined as
9 i
O 107 -
3 _| ’
0, X=2 K(n,n"), ©)
105' n’
10°
10° 4 where the sum runs over all neighbar'sof a given ionn. In
10';- the following, X will be evaluated for different materials and
10 L N S S S S S SR S will be used to quantify YB" clustering. Since CL probabil-

2 4 6 8 10 12 14 16 18 20 22 ity is always very small compared to the infrared one at the
R (A) excitation rates we used, the steady-state excited state popu-

. o o _lation is simply given by
FIG. 1. Dependence of cooperative emission probability on dis-

tance R between interacting ions in ¥®;, YbPQ, and YVQ, N;~PNg7.
Solid line: quadrupole-dipole process, dotted line: forced dipole- ) . ] ]
dipole process. For a sample of thickness the integrated CL intensitl,,,

allowed us to calculate experimental valuesxof
Yb,0; (3.45 A) which is also likely to be the shortest dis-

tance found in an oxide glass. With our convention, &. |c00p=E J’el N, (z)2dz= E ilefaserg(l—efz"e)
reads 2 Jo N 2 N, 2
8 ° _ 22 ¢ ~2ae\ | N
K=qu(a) ﬁ +ded(a) ﬁ (6) =T Ilaseﬁ(l_e ) Icoo;{)\)d)\y (10
for g-d and fd-d interactions. From Eqg3) and (4), the =~ Wherea is the absorption coefficient at the excitation wave-
ratio Kgq/Kqq is expressed as length andl s the excitation power densityyoop()\) is the
normalized CL. The thickness of the analyzed volume of
Ktdd 2S& powder has to be taken into account because it may not be
Kqa = 3<4f||r2||4f>2<f||C<2>||f)2<2F5,j|U<2>||2F7,2)2' optically thin, especially at high concentrations. To check the

dependence df,,,0n @, CL excitation spectra were plotted

versus absorption coefficient for several samples. Figure 2
Ktqd/Kqq depends mainly or® since the other parameters shows excitation spectra of an aluminosilicate glass with ab-
are usually considered as independent of the host. The radigbrption coefficients ranging from 0.4 to 8 chand of
and angular matrix elements are calculated from free iorybPQ, which reaches 187 cnl. [The absorption coeffi-
wave function® (4f[|[r?|4f)=0.691a.u., (f|[CP|f)2  cients of Yb:LUPQ (Ref. 29 were used for the latter com-
=1.87, and(?Fs|U?)|?F;,)=6/49. S is calculated from  pound. The best fit of the experimental data of Fig. 2 by Eq.
2F ., radiative lifetime(see Sec. IV B (10) corresponds to a thickness of 7. It is worth notic-

The dependences on distance of thel and fd-d pro- ing that Eq.(10) is able to describe the absorbed power on

cesses are shown on Fig. 1 with parameters corresponding #hole range of absorption.
Ybh,0;, YbVO,, and YbPQ (Table ) and Z(1,2)=9.5 Finally, it is important to clearly identify CL since pollu-
X 10 *2a.u./lcm*.?® For the three crystals, the calculated tion by other rare-earths ions can result in upconverted emis-
probabilities are lower than 0.1 Seven for very short dis- sions by energy transfer in the same redidfhe distinctive
tances between the interacting ions. The relative magnituderoperties of the cooperative emission are first the absence of
of g-d andfd-d processes change with values®éand the rise time under pulsed excitatigfast diffusion hypothesjs
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FIG. 2. Cooperative luminescence excitation spectrum versu
absorption coefficientr in YbPQ, (circles and in a YB* doped

aluminosilicate glasgssquares Solid line: best fit according to Eq. — T T T T T T T
(10 (e=767um). 440 460 480 500 520 540 560

*
Upconversion by energy transfer involves intermediate levels YbPO,

and therefore always exhibits rise times. Excited state ab-
sorption should be negligible in £r and Tn?* ions which
are the main impurities emitting in the 450—550 nm region. g S S =
Second, the cooperative spectrum corresponds to the convc — 1 T T T T 7 y
lution of the infrared emission spectrum since energy is con- 440 460 480 500 520 540 560

served. Most of the time, intensities are not always faithfully Wavelength (nm)
reproduced since CL probabilities are not directly linked to o o
the infrared one§see Eqs(3) and (4)]. FIG. 3. Visible emissions of Yj©; YbPQ, YbVO, and

YbP;04 under infrared excitatiof©975 nm). Dotted lines: convolu-
tion of IR spectrum. Stars denote emissions from*Trand EF*

IV. COOPERATIVE EMISSION INTENSITY impurities.

IN STOICHIOMETRIC CRYSTALS

To be able to quantify average cooperative interaction Cogjon from Tn$* (around 475 nmto the band centered
efficient in a variety of materials, we have first calibrated ourground 500 nm is difficult to estimate. We have therefore
experiment with fully concentrated crystal6b,O;, YbVO,, — recorded time resolved spectra to separate cooperative lines
YbPO,, and YbRO) in which Yb** ions positions are from energy transfer related emissions by taking advantage

known. These crystals have been chosen to get significantlyf gifferences in rise times. Figure 4 shows the decay curves
different ions distributions, allowing us to test E¢8) and

(4). In the following we first deal with the spectroscopic

properties of these materials and then turn to quantitative
analysis of CL intensities.
0.12 1
A. Spectroscopic properties ‘%
Figure 3 shows the visible emissions of ;Xh, YbPQ,, é
YbVO,, and YbROq crystals. Convolutions of the IR spectra g
have been computed using the expression % 006
§ .
fcon\)(E):f fir(E")fR(E-E")dE’ u_g.
and are also plotted in comparison with the visible spectra.
This allows us to clearly identify some impurities emissions 0004

(indicated by stars on the spedtrevhich we attribute to Ef M
and Tn?" ions excited by YB" through upconversion. How- Time (us)

ever, as mentioned in the preceding section, the precise shape

of the supposed cooperative emissions cannot be determined FIG. 4. Decay curves recorded at 500, 470, and 550 nm after
this way. Moreover, the contribution of th&5,—3Hg emis-  excitation at 954 nnipulse duration 8 nsof YbVO,,
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FIG. 5. Dotted line: time resolved emission spectrygate  absorbed fraction measured by diffuse reflectance in YbPO

width: 200 ns, delay: 219 nssolid line: emission spectrum under Dashed line: quadratic fit.
Cw excitation.

tion. A large number of neighbors were taken into account to
recorded at 500, 470, and 550 nm in YbyGsing a short €nsure convergence which occurred betwRgsn 6.55 A for
pulse excitation~8 ng. The two latter emissions have re- the closely packed structure (¥®;) and R,=13.98A for
spective rise times of 1.6 anduis and reflect energy transfer large distances between ions (¥%ak), as shown in Table I.
mechanisms. On the opposite, thel00 ns rise time ob- Rc is the distance for which the sums reach 99% of their
served on the 500 nm decay is instrument limited, confirmdimit. To computeK44/Kqq4,S was determined from infrared
ing the cooperative nature of this emission. A time resolvedifetimes 7 by the expression
emission spectrum is shown in Fig. 5. The short delay after

the excitation219 ng and the small width of the integration _3h(23+1)\°
gate (200 n3 allows us to remove completely Frh emis- B 64774er7 '

sions and to strongly decrease®*Emnes. (It was not pos-
sible, even for very small gates and delays, to obtain coophese lifetimes, measured in lightly doped samples, were
erative emission aloneThe spectra were normalized at 500 considered as radiative since ¥bis not very sensitive to
nm since decay curves show only cooperative process at thipnradiative relaxation or concentration quenching. Mag-
wavelength. CL actual shape is then easily found by deconetic dipole contributions t& are usually negligible. In the
volution from the time-resolved spectrum. This procedurecase of YbROy, no data on lifetimes were available, so that
has been carried out for all the crystals prior to the integra@ range of values, representing approximately what is found
tion of CL spectrum. in oxide crystals and glasses, is given. The ratios

In order to evaluate the absorbed excitation powers in th&tda> (a/R)*/Kq42 (a/R)® are given in Table I. Thed-d
different crystals, diffuse reflectance spectra were recordegontribution is higher in the larger structure Y4, but the
and compared to cooperative luminescence excitation speéffect of S can be seen in the low value found for YbY.O
tra. Figure 6 shows that, at high absorbed fractions coeffi- Experimental and theoretical values are shown in Fig. 7
cients, CL intensity depends quadratically on the absorbed@nd are in very good agreement on a large raftigere is a
power measured by diffuse reflection. This is not surprisingfactor of 50 between the highest and the lowest valueX¥or
since diffuse reflectance spectra saturate very easily at highhis suggests that, to a large extent, cooperative interaction
absorption coefficients. The excitation wavelength used fogoefficients depend mostly on the distance distribution be-
cooperative intensity measureme(835 nnj lies well in the  tween YB* ions. An analysis of this result in the frame of
quadratic dependence region and we used this law for reldhe theory summarized in Sec. Ill is presented in the next
tive measurements between crystals. Infrared emission dec&gction.
times are summarized in Table I.

C. Discussion

B. Cooperative interaction coefficients A previous study on Yb:CsCdBrsingle crystal showed

The structural data on the crystals studied are presented that absolute values of cooperative luminescence intensities
Table I. The compounds were chosen to cover a wide rangeould be accounted for by multipolar interactidi=gs. (3)
of cooperative interaction coefficients especially by varyingand (4)] only within an order of magnitud®:® However,
the minimum distance between nearest neighbors. From théb®* spatial distribution(symmetric and asymmetric pairs
structures, we calculated for a given ion the sufas/Kyq  was not precisely known. In Yb:LiNbQ the same formula
=2(a/R)8+(ded/qu)E(a/R)6 over all neighbors. The were used to deduce the ions pair concentration, which were
sums were then averaged according to the sites concentria reasonable agreement with other experiméhis. both
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TABLE |. Spectroscopic and structural parameters 0§Q4d YbPQ,, YbVO,, and YbRO,.

Parameters Y40, YbPQ, YbVO, YbP;0q
Space group a3 14,/amd 4, /amd P2, /c
Cell parametergA) a=10.434 a=b=6.816 a=b=7.043 a=11.219
c=5.966 c=6.247 b=19.983
c=9.999
B=97.3°
Yb®* concentration(cm™ %) 2.82x 1072 1.44x 1072 1.29x 1072 5.4x 107
Yb®" sites and abundance C;:0.25 Dyqg Dog C;:2/12,C;:2/12
C,:0.75 C,:4/12,C,:4/12
R A) 6.55 9.06 9.16 13.98
Measured’F, lifetime (us) 18 48 40 100
Estimated radiative 0.85(Ref. 40 0.83(Ref. 29 1.2 (Ref. 4)) 0.8-1.5
2Fy, lifetime (m9)

S(cnmd) 1.22x10 % 1.72x10 % 0.79x10°%* 1.49-2.&10
Estimated refractive index 2(Ref. 42 1.83(Ref. 29 2.05 1.6(Ref. 42
Ktga>(a/R)®/Kqe2 (a/R)® 0.14 0.22 0.11 0.9-0.48

a (cm™Y) at 975 nm 187Ref. 29

cases, Eqs(3) and (4), which contain no adjustable param- interactions between identical centrosymmetric sites
eters, were found to give acceptable results, although severaanish!® This has to be taken into account in compounds
approximations are made in their derivatiofs) A closure  with single centrosymmetric sites, but when several sites ex-
procedure is performed, assuming completely degeneraist, ions in centrosymmetric site have often most of their
configurations[=(1, 2) term|, (2) populations of emitting neighbors on different centrosymmetric and noncentrosym-
level are equally distributedi3) angular dependences are metric sites. In the crystals studied here, only,®@b and

averaged. YbP;O4 have centrosymmetric sité¥able ). Removing in-

The first two assumptions are used in the successful Judderactions between identical centrosymmetric sites has little
Ofelt theory?’*°although their validity can be questioned for influence on average cooperative interaction coefficients. For
some RE ions! For Yb*", the energy differences between example,S (a/R)® varies from 8.34 to 8.28 in Y40, and
4f and the exited configurationé&sd and ng) are large 0.1140 to 0.1137 in Ybf®,. The other sites have rather low
[AE(4f—5d)~100000cm?!] and is insensitive to thef4 symmetries for which the averaging procedure should be
energy rangé10 000 cmY). On the other hand, the splitting more valid. Finally, the crystals chosen do not have low di-
of the 2Fj, and ?F5j, multiplets often reach 500—-700 ¢th  mensionality which could strongly restrict RE relative posi-
which weakens the second hypothesis and restricts it at leasons. In glasses, RE sites have been shown to be of rather
to room temperature. low symmetries C,,) (Ref. 32 and are disordered enough

The angular average has also to be used carefully, esp& provide accurate angular averaging.
cially with high symmetry sites. For example, electrostatic In summary, the approximations used to derive Egs.
and(4) can be used in many hosts, although absolute values,
computed withab initio or measured parameters, may not
reproduce accurately experimental results. It seems that a
detailed study on a stoichiometric single crystalich as
Yb,053) could be useful to completely check CL theory.

We now turn to the dependence of E¢®. and(4) on the

2.0x107

1.5x107

£ host material. The most sensitivand unmeasurablejuan-
f,-  ox107 tity is (1,2 because it involves unshielded excited configu-
8 rations. Limiting nd configurations to 8, E(1,2 is ex-
& pressed as
5.0x10%
614 (4f|r|5d)?
m1 | 814 (4flrlsd

35 AE(4f—5d)

0.0

X, /K

the " "qd

V14 (4f[rIng)(nglr|4f)
T aeat-ng | W

FIG. 7. Experimental X.,,) average interaction coefficients
plotted versus theoreticaK{/K 44) ones for several stoichiometric E(1,2 is also contained in th€), parameter of the Judd-
crystals(squarep Straight line: linear fit. Ofelt theory. ), has been shown to depend mostly on
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crystal-field parameters and not od Blectron density which . %

modifies radial integrals. Onlf2, andQ ¢ show correlations §

with 5d electron density because they involyéf|rk|/5d) £ 4
s

with (k>2) integrals®® For fixed ion environmenti.e., con-

stant crystal-field parametgrd), is well correlated to the ‘E AS2

covalency of the RE-ligand bond which is closely related to_~°E~’ 3]

AE(4f—5d) (nephelauxetic effegf® AE(4f—5d) varia-  §

tion in oxide compounds can be estimated by the results otg .

Dorenbos® Applying his equations to Y&, the lowest en- &

ergy level of the Bl configuration is found between 51 340 § AS1 (intensity x 10)

and 72340 cm!® above the 4 configuration. This is only a Ei "

40% change for the whole range of oxide compounds. Sinceé">

the barycenter of the & configuration is expected to vary 0 . ' . ' . ' . T .
much less than thigtypically 3 to 4 time$,*® we can con- 460 480 500 520 540 560
sider AE(4f—5d) as nearly constant for ¥b since our Wavelength (nm)

experimental errors are estimated to H&0%. Concerning FIG. 8. Normalized cooperative emission spectra for alumino-
ng configurations, the sum appearing in B4l can be silicate glasses AS1 and AS2.

evaluated by the closure procedug(4f|r|ng){ng|ring)

~(4f|r2|4f). Then,ng contribution to=(1,2) is 37% with  starting material is not high enough. As in AS1, careful
AE(4f—ng)=217000cm?’. These configurations lie deconvolution was performed to obtain reliable CL intensi-
higher in energy than & and relative variations oAE(4f ties.

—ng) are also likely to be small.

In conclusion, the experimental result of Fig. 7, the de- B. Variation of the cooperative interaction coefficient
pendence o only on interionic distance, is in qualitative
agreement with theory. Evaluating spatial distribution of
Yb3" ions by CL intensity, properly normalized, should be

The cooperative interaction coefficient is determined in
the same way for glasses as for stoichiometric crystals except
that absorption coefficients could be measured and were used

of high symmetry sites have to be considered carefully. Pj[t'g directly normalize CL intensities. The parameters used in

rameters needed for normalization are easy to mealHtes he calculations can be found in Table Il. The values obtained
. : o y 1o Measky: 50 then compared to those found for YhP@lowing us to
lifetime and absorption coefficient at the excitation wave-

length. This method can be also applied to other CompoundgetermmeX/XYbPO4 for each sampldsee Table )i. Large

fluoride and bromides for example in whitE (4f — 5d) is variations of this ratio_are obserygd in the silicgte and phos—
also fairly constant® However in these low phonon materi- Phate glasses as their compositions vary. This effect is re-
als, the weak CL is often hidden by emissions frof'Eand  |2t€d to the structural changes of the glasses netffotk.
Tm3" ions excited by energy transfer upconversion. In this.. To get a more quantitative analysis of CL intensity varia-

PR
respect, purity of the samples is extremely important. tions, two models of YB" distribution are proposed. They
do not take into account the specific structures of each glass

which define precisely the environment of RE ions and their

V. COOPERATIVE EMISSION spatial distribution. Such models, possibly determined from

IN YTTERBIUM DOPED GLASSES 050

A. Spectroscopic properties

units)

: 0.254
Normalized CL spectra of aluminosilicate glasses AS1¢

and AS2 are shown in Fig. 8. The emission is centeredz
around 500 nm with a spectral width of about 40 nm. AS2 g
has a much stronger CL than AS1 and in the latter caseg
upconverted emissions of Thand EF* which are present 5§
in the glass as impurities are clearly observed in the range:2
470-485 nm and 520-555 nm. The origin of the visible 2
emission has been confirmed by convolution of the infrared&
emission spectrum and lifetimes measurements. For AS1, ing
tegrated CL intensity was determined by deconvoluting the§
emission spectrum and using CL spectrum free of impurities —rr
emission as a reference. 480 480 Wavsglingth n nf)z" 540 560

CL in phosphate glasses P1 and P2 is also centered arouna
500 nm(Fig. 9). However, its intensity is much lower thanin  FIG. 9. Solid lines: Normalized visible emission spectra for
AS glasses so that emissions of ¥mand EF" may be phosphate glasses P1 and P2. Dotted lines: deconvoluted coopera-
larger than CL if the purity of the samplésspecially YRO5;  tive emission spectrum.

0.20 +

0.15 4

0.10 4

0.05 4

P1
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TABLE II. Spectroscopic data, cooperative luminescence and cross-relaxation average interaction coef-
ficients and distribution parameters in Yb doped glasses.

Parameters AS1 AS2 P1 P2
Yb®* concentrationcm ™) 3.66x 1070 3.70x 10%° 3.73x 107 3.80x 10%°
2F ¢, lifetime (ms) 1.90 1.0 1.0 1.0
refraction index 1.5 1.5 1.5 1.5
a (cm™) (at 975 nm 1.49 4.83 3.07 3.47
XIXyppo, 3.4x10°3 0.15 5.86<10°* 1.7x10°3
XI X e 2.4 104.5 2.2 6.3
Xcer! X cRret 15 31 1.4 2.6
dy (A) 5.6 5.6 9.07 9.07
fxk 0.03 1.91 0.02 0.1
Ney (cm ) 6.0x 10" 2.7x10% 1.0x10% 3.01x 10"
Nt /Ng 0.16 7.2 2.%K10°? 7.9x10 2

molecular dynamics simulations, would be too complicatedas free of clusters. In this casé=0 andd, is calculated
for a convenient treatment, especially in multicomponentd§rom the experimental value of,.. For all other samples
glasses. In opposition, the following treatments are based owith X> X, the productfk is determined. Since we have
general reference distributions defined as random with access only toX, it is not possible to determine indepen-
minimal distance between RE ions. The minimal distancedentlyf andk. Figure 10 shows th&-k curves corresponding
requirement allows one to take into account the availableo AS1, AS2, P1, and P2 samples. For aluminosilicates
“sites” for the RE ions. For a given concentratidd of (phosphates the d, distance is 5.60 A9.07 A), which is
available sites, the random distribution is the limiting case ofmuch lower than the highest minimal distance between ions
the quenching of an ideal melt if the RE concentrafignis  at this concentratiomly mq,=2(3/47N.)¥3~17 A. It can be
much lower tharNg. seen that for high values of, clusters must have a minimum

In the first model, the chemical origin of the clustering is size: in AS2, there is at least an average of 3.1 ions in each
accounted for by dividing Y& ions in two classes accord- clusters. On the other extreme, it also possible that the
ing to a characteristic distanc#,. lons which have no sample contains larger clusters for lowieAs a limit for k,
neighbors withind, are considered to be “homogeneously” the case of YBO; can be considered. For this crystal, each
distributed and ions which have at least one neighbor withinyb3* ion has about 19 neighbors within 5.6 A. If such mi-
this distance are part of a cluster. In the latter, the minimunctrocrystals exist in AS2, the corresponding fraction would be
distance between two ionsas lons are randomly distributed f~0.1.
in both classes since glasses usually do not restrict RE-RE
distances to precise values. As seen in Sec. Il A, this mini- 4¢° : ; , ;

mum distance is set t@, the shortest distance found in
Yb,0; (a=3.45A). The average cooperative interaction co-
efficient, resulting from the contributions of clusters and the
homogeneous part, is given by e \ASZ
[
do k 8 a\® 2 \\\
x=fJ 47TR2—{K a)| =| +Kig(@)| = }dR, 810
X v | Kad@| 5 rad(@)| 5 3
£
Oc ) a\® a\® P
+ d04’7TR NC qu(a) ﬁ +ded(a) ﬁ dR, 5
\46
(12) € 10 - P2 |
where V=4/37T(d8—a3), k+1 is the average number of T
ions in the clusters, anidis the fraction of ions belonging to E T~ I
a cluster. This expression takes into account the fact that fol \ AS1
a given ion, the contribution tX of its neighbors located at Q\
distances larger that, is the same whether they belong to P T T
the homogeneous part or clusters. The clusters are also cor 5 4 6 8 10 12 14 16 18 20
sidered to be randomly distributed themselves. Cluster size (k+1)

In order to determine the last term of E42), a reference
sample has to be chosen. Practically, a glass of close compo- FIG. 10. Fraction of clusters versus cluster size in aluminosili-
sition to those studied and having the lowEss considered cate and phosphate glasses.
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On the other hand for glasses in which ions are well isocentrations, the structure is unaffected by the doping. An-
lated from each other as in phosphate glassesgftheoduct  other point to be considered is the nature of the interactions.
is always found to be very low, even X vary significantly = Energy transfer, which is often the process of interest, can be
from one sample to the other. It may be useful then to keeplue to a dipole-dipole mechanism which has® depen-
only the homogeneous part of E(L2) and to calculatel, dence on RE-RE distance. Therefore variations of energy
distances for each sample. For P1 and P2, this distance isansfer average interaction coefficients may not follow CL
7.42 and 5.67 A. The latter value compares well with theones.
minimum distance of 5.6 A between Ridions found in a As an example, an important and detrimental energy
glass of similar compositioff transfer, which is found in E¥ doped fiber amplifiers, is the

This first model may be useful in comparing CL interac- (*l 13/, *1131) — (*l 132, *115) cross relaxation. This pro-
tion coefficients with other measurements sensitive to cluseess reduces'l s, level population and the gain on the
tering. However, each-k curve is calculated relatively to a #1,5,,— %15, transition at 1.55um. It is usually treated as a
reference sample chosen in a given type of glass. This magipole-dipole mechanism with a critical distance of 1.0 nm in
lead to difficult comparisons: in Fig. 10, P2 appears as consilicate glasse¥**° For highly doped glasses, fast resonant
taining more clusters than AS1, althougtiAS1)>X(P2. energy diffusion occurs and rate equations can be used in the
For the purpose of comparison between various kinds ofame way as for Cl(see Sec. llIB. The average cross-

glasses, a second description is therefore proposed. relaxation probabilityXcg is then expressed as
In this model, the common reference for all materials with
N. RE concentration is the random distribution wélas the do k 6
ini : i i i Xcr=05 f [ 47R?’Z|Ker(@)| 5| |dR
minimum distance between RE ions. The average interaction CR a V| CRY R
coefficient is given by
oo a\®
o a\® a\® +f 47R?N | Ker(a)| = }dR],
Xh(Nc):f 47R*N¢| Kgq(a) r| TKud@)|z] [dR. do R
a

(13)  whereKcRis the probability of the cross relaxation between
hiyo ions at distance. As in the case of CLXcr depends
hgnly on fk products. Assuming thdf g does not vary in a
pe of glasseXcr/Xcrretfatios are presented in Table Il for
four glasses studied abovy#he reference samples are

Other samples may have, at the same concentration, hig
or lower average interaction coefficients. In the first case, t
sample will be considered as containing clusters and in th

second case as being more homogeneous than the randd

distribution. Clusters are defined here in comparison with thdnose used in the CL stuglyAlthough qualitative variations

random distribution and not with respect to the presence Ozpr/e preservew,éCR/ XcRref rgtifos arehZ—dS times Zmallecrj than f
close ions. An effective concentration is simply defined for’X/ Xrer @S can e.expecte_ rom't e distance ependence o
any sample as the processes. Since CL is dominated at short distances by a

g-d process, the variations induced by clustering are more

pronounced. Extension of CL results between materials of

Neff=x—Nc- largely different compositions is also to be carefully per-
h formed sinceKcg may be very dependent on parameters

Values ofN4/N, of the glass samples are shown in TableSuch as phonon cutoff frequency and overlap integrals.
II. For silicate glasses, it is possible to reach high values of
clustering and it is interesting to compare the absolute values VI. CONCLUSION

of N¢i with the concentrations of the crystals studied in Sec. . _ .
IV. Even in the worst case, we reach £.Z0? cm~3, which CL has been recorded in several 3bstoichiometric

is one order of magnitude lower than what is found incCrystals and its intensity was found to be well described by

Yb,0s5. Very high value ofN.; would indicate the formation the sum of the two theoretically largest processes,
of microcrystals. On the opposite, IoM, as in phosphate quadrupole-dipole and dipole-dipole mteractlons: All param-
glasses, indicate interionic distances much larger than that G{E'S Were kept constant except for the Yb-Yb distances dis-

the random reference sample. The lower limit of the eﬁectivetribqtions' This result shows that CL intensity, _properly nor-
concentration, corresponding  todg e IS Neg=5 malized by the square of th&F ¢, level population, can be

X101 cm™3 which is still 20 times lower thai.; for P1. ea;ily used_ to quantitatively probe %spatial d?stributio'n.
This result is confirmed by an analysis of the microscopic CL

emission probability. Due to the low multipolar order of in-
teractions between Y, CL probability for a given Yb-Yb
The possible extension of the results obtained oA™Mb  distance is related mainly to the energy difference between
other RE assumes first that the spatial distribution is inde4f!3 and 504! configurations. Since the latter has limited
pendent, to a reasonable extent, from the RE. This assumpvolution through the oxide compounds, we conclude that
tion should be quite justified for T# and EF* ions which  CL intensity is generally independent of the host for identical
sizes are close to ¥H one. Glasses may be also more suit-Yb distributions. However, in crystals where all RE sites
able than crystals since the glass structure is often the mosymmetry is high or with low dimensional RE distributions,
important parameter for RE distributidh At low RE con-  CL intensity may depart strongly from this conclusion.

C. Extension to other rare-earth ions
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RE clustering can be probed in glasses by CL measuresponding to that found in Y4®; (3.45 A). Finally, the results
ments since RE sites symmetry are usually low and the rargbtained with CL experiments can be transposed to energy
dom nature of the host increases the validity of the averagingansfer between other RE assuming identical distribution.
used in CL probability calculations. Experiments are easie{vhen energy transfer probability is governed by dipole-
when RE impurities, especially Er and Tm, have low upcon-ipole processes, its relative variations are lower than those
verted emissions. In low phonon or highly polluted materi-of CL. For an accurate transposition, other parameters, such

als, they may hide CL. Two models are proposed to analyzgs phonon cutoff frequency and overlap integrals, have also
guantitatively CL intensity: in the first one clustering is de- tg be taken into account.

fined with respect to the sample of close composition with

the lowest CL intensity. This is useful, for example, to cor-

relate clustering with glass_es structures. To obtain a_consis- ACKNOWLEDGMENTS

tent parameter for comparing a wider range of materials, an
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