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The room-temperature high-resolution luminescence decay investigation of YAG crystals doped #ith Nd
in concentrations up to 1.5 at.% shows that under nonselective weak 532-nm pump, which prevents the up
conversion, the emission dynamics,, level is influenced by a cross relaxation inside the system 6 Nd
ions, dominated by superexchand®,&€5.43 A, L=0.54 A) for the nearest-neighbor Ridion pair and by
dipolar coupling Cpa=1.85x10" %% cm® s71) for all other pairs. These parameters are in strong contradiction
with other recent reports. The energy-transfer parameters are verified in the quasiselectively excited decay of
the first-, second-, and third-order fidion pairs by using a proper adaptation of the theory of energy transfer
for discrete, equiprobable, and random placement 6f'Ndns in the crystalline lattice. They give also a very
good description of the data on quantum efficiency and fractional thermal load for YAG:B&mples of
various concentrations. The absence of the quadrupolar interaction in the mechanism of transfer is consistent
with the restrictions imposed by the selection rules for the transitions involved in cross relaxation.

. INTRODUCTION the N&* ion, could induce a very fast electron-phonon re-
laxation of excitation from the pump levels placed
Spectroscopic properties of Rid in YAG, the most im-  abovéF, to the ground state. Since the absorbed energy in
portant laser active crystal, continue to raise interest: recenhese centers does not reach the metastable ) they
important advances have been noted in the description Gfere called “dead sites.” The ir measurements show that the
energy level diagrams and transition probabilitie3On the  concentration of OH impurities vary from sample to sample
other hand, the flow of excitation inside the system ofNd  and this could be consistent with the large spread of quantum
ions and its effect on the emission dynamics of ey,  efficiency data. However, the very large differences in the
level is currently being investigated owing to its crucial role quantum efficiency values reported for given samples by dif-
in determining the laser characteristics of this cry$taf.  ferent methods cannot be explained in this way. Since the
Due to its concentration dependence, this dynamics could bejead sites” cannot produce departures from exponential for
also a significant test of the various models of energy transthe global Nd* emission the most likely explanation for the
fer. The radiative lifetime of'F3, Nd®* level in YAG was  observed effect is the quenching of emission by energy trans-
estimated to about 259 25 usec. At low temperatures and fer inside  the system of Nd ions. Thus
very small Nd* concentrations, the measured lifetime lies YAG:Nd3* is a typical case of a self-quenching system. Pre-
in the range of 265 to 27@sec, while at room temperatdfe  vious studies of emission decdy?*function onCyg+ show
it is ~260 usec. Thus the intrinsic quantum efficiency is that up to about 1.5 at.% Nd the energy transfer is domi-
very large, of about 0.98. However, the investigation of thenated by directstatig donor-acceptor processes and the mi-
luminescence kinetic§* at low pump intensities shows gration on donors is negligible, but above this value it plays
that for N* concentrations Cyg+), practical for laser an increased role, as shown by the measurertreliton
emission, the luminescence kinetics of this level manifestsamples withCygs+ in the range 2.5-2.7 at.% Rd. The
departures from an exponential decay. These nonexponentiramatic decrease dfF 5, lifetime in YAG films grown by
alities are evidenf'® at very low concentrations and in- liquid-phase epitaxd? with up to 15 % Nd* can be also
crease systematically witBiygs+. At the same time the mea- explained by the combined effect of the static transfer and
surements of quantum efficient@#?3! show very large migration.
differences, from 0.47 to 1, for about 1 at.% Nd The The low-temperature optical-absorption spectra of Nd
studies on YAG:Nd" samples of different concentrations in YAG show satellites that indicate the presence of various
and provenience are sometimes contradictory: while somstructural center§417-1930.33-35 gome  studigd:18:30-33
studie$®3'evidence a systematic dependence of the quanturbased on selective pumping*®s, level suggested inter-
efficiency onCyge+, other report® show a large spread of center migration at low temperatures and l6ys+. Subse-
data and claim that no clear connection between the quantuguent high-resolution spectroscopic measurenfeats|ow
efficiency and luminescence decay characteristics exist¢éemperatures, with pumping in the much better resolved
Various models were proposed to account for these effect}l 4,— *Fg, line allowed the observation of selective emis-
they can be grouped in models based on energy transfer igion of almost all centers without intercenter migration. This
side the system of Nd ion141518-21gr a5 an effect of limits the possibilities of transfer, at low pump intensities, to
OH™ impurities localized in the neighborhood of the Nd  a down-conversion cross relaxation on intermediate levels
ions”3 |t was assumed that such anionic impurities, withbetween an excited Nd ion and any other N ions in the
large vibrational energies, localized in the neighborhood ofjround state; the most probable cross relaxation at the room
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temperature is {F g, *lo) — (%152, *l15,) and can be an in determining the quantum efficiency and the heat effects
intra- as well as an interstructural center process. The exciwas discussed recently by several autfidfs?* without a
tation reaching®l 15/, level is lost by multiphonon relaxation clear mathematical connection between characteristic param-
and transformed into heat. The luminescence decaFgf,  eters.
under short puls€10 n3 excitation, measuré#®with low A recent worR?! puts back the question of the interactions
resolution (~1 usec) equipment that did not allow the reg- governing the down-conversion energy transfer, by using a
istration of the beginning of decay, has an unusual shapéflonte Carlo approach to describe the emission decay of
The subsequent analysis of this decay on the available temiF 3,Nd®" level in YAG under 532-nn{2nd harmonic of a
poral range has showt?! that it can be consistently ex- YAG:Nd lase) pumping. This work claims that the Rd
plained only by assuming that the interaction responsible foions are coupled by four types of interactions: three multipo-
transfer inside the first nearest neighbor NN*Ndon pair is  lar interactions(dipole-dipoled-d, dipole-quadrupole-q,
dominated by a strong short-range interactiowst probably —and quadrupole-quadrupotgq) and superexchange. How-
superexchangethat determines a very fast initial drop of ever, some assertions of this paper, such as a concentration
emission, not observed in the low-resolution measurement®f donors larger by an order of magnitude than that of the
while the transfer to all other Nd ions is dominated by a acceptors as well as the extremely large interaction micropa-
dipole-dipole @-d) mechanism with unique transfer micro- rameters resulting from the analysis are in disagreement with
parameteC3d for all the donor-acceptor pairs. The analysisthe observed luminescence decay characteristics. This leads
of the observed decay was facilitated by the use of the theor{p an apparent contradiction between the Monte Carlo and
of energy transfer to discrete and random arrays ofnalytical statistics description of the energy-transfer pro-
acceptor® 3% that can occupy with equal probabilities the Cesses.
available sites in the crystalline lattices, that was adapted to The aim of this paper is to give a clear identification of
account for the presence of a multiple interactionthe mechanisms of the self-quenching by down conversion in
picture’®2! These experiments were performed under lowthis system, based on experimental data and a reanalysis of
pumping and the fraction of excited Ritions was estimated the luminescence decay dF, level of N&* in YAG at
to be about 1%, this being considered the initial concentralow pump intensities, and to relate the characteristic param-
tion of donors; all other N& ions, nonexcited by pump, can €ters of these mechanisms to the quantum efficiency of the
therefore act as acceptors. The high pumping determin@ietastable levefFy,. The paper is organized as follows:
changes that shall be discussed later. after a brief description of the experimental technique, the
The main conclusion of these studié®8-2'the presence Pphysical model of self-quenching dfF 3, emission is dis-
of the multiple interaction picture, is confirmed by the high- cussed, together with the theoretical description of the effect
resolution measurements of emission under selectivef down-conversion energy transfer on the luminescence de-
excitatiorf of various samples with different Nd concen- ~ cay by considering a model of discrete random and equiprob-
trations. The main satellites in the optical spectra of Nah ~ able occupation of the crystalline sites in two important
YAG aré® satellitesP; connected with the nonstoichiometric cases:(i) homogeneous systems, when all the dopant ions
Y3* ions that replace part of the octahedraf Alons in the ~ have identical spectroscopic properties, diglinhomoge-
melt-grown YAG crystals and satellitedl; connected to Neous systems composed of homogeneous subsystems. This
pairs of N&* ions from the first-, second-, and third- theory is used to compare the data obtained from the high
coordination sphere. No satellite connected with the presend@mporal resolution decay of the Ridglobal emission under
of OH™ in the near neighborhood of Rd ions was identi- nonselective pump with those obtained from the selective
fied to sustain the mod&lof quenching. emission of the various spectrally resolved subassemblies of
The measurements of emission kinetics under very stronjd® " ions (isolated ions and pairs of the various orders
pump, that produces a high population“6¥,, level, accom- under selective or nonselectlye pump. The validity of the
panied by a considerable dep'etion of the grOund Staténergy'transfer parameters will be further checked by com-
evidenced®2the presence of up conversion by the interac-Paring the calculated quantum efficiency & g, level at
tion between two N&' ions excited in the'F 4, state. Thus 10w pump intensities with the existing data on YAGNd
in case of strong pump the emission kinetics %%, be- _samples of various concer)trat_lons. The analysis of emission
comes very complex and dependent on excitation intensit}? Presence of up conversion is under study.
and concentration. The physical model used in these papers
was s_implifie_d: no diﬁerence_ between the_ static and Il EXPERIMENTAL METHODS
migration-assisted up conversion was considered and a
unique up-conversion rate was assumed regardless of the dis- The samples under investigation are Czochralski-grown
tance between the excited ions. Moreover, in most cases tHéAG (Y ;Als0;,) crystals doped with N in concentra-
effect of down-conversion cross relaxation in presence of upions from 0.1 to 1.5 at.%. The growth was performed under
conversion was either neglected or accounted improperly tanduction heating and pulling along tj¢11) direction. Sev-
gether with the intrinsic deexcitation. The up conversion careral other samples, grown by horizontal gradient, Stepanov,
affect the laser properties of diode-pumped highly concener flux methods, were also measured. The measurements in-
trated YAG: N&* crystals and ofQ-switched lasers. For volve the high-resolution absorption and emission spectra
diluted systems and low pum(such as with gas-discharge and emission decay under nonselective pump at 532 nm or
lampg as well as for the low threshold cw lasers, thequasiselective excitation of the various Ndcenters. The
concentration-dependent deexcitation is dominated by dowrnuminescence spectra and decays were excited by 2nd har-
conversion cross relaxation. The importance of this processionic of YAG:Nf* (532 nm) or tunable dye laser pulses of
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~10 ns and detection was made by photon countt@zns  portional to the superposition integr@® and the product of
resolution techniques. The transmission spectra were meamatrix elements of the unitary tensorial operator of rank
sured with a high-resolution~0.5 cni ) system. (with A=2, 4, or 6 [(SLJUM|[SL'J")|? between the initial
and final states of theD and A part of the transfer,

respectively’>** In case of the dipolar transitions the rates

lll. PHYSICAL MODEL OF SELF-QUENCHING OF  “Fg, are proportional to the Judd-Ofelt parameters, while for the
EMISSION IN Nd 3*:YAG guadrupolar transitions only operators of raRk=2 are

taken into  consideration. The matrix element

We assume that all the Nd ions have similar pump (g1 ju®|sL’ 3} is proportional to the product between the
absorption cross sections, regardless of the structural centér

. . ~j symbols
and the pump regime, and that a fractiof®) of the total
Nd®* ions are excited at random in the metastable level at JJ )\
the end of the gxciting pulse. Since thg e+ are less than L'LS
1.5 at.%, the migration of energy ty,, can be neglected , o ,
and the energy transfers from this level are direct donor@nd the reduced matrix eIemigSLHL_J |ISL") whose val-
acceptor D-A) processes. The excited Ridions can par- U€S could be found in tablés”®they impose selection rules
ticipate in various processes: they can be either donors in tH¥" the possible interactions involved in translfer. For the
down-conversion cross relaxation on intermediate levels anfuadrupolar interactions only transitions wjth-J'|<2 are

in the up conversion or they can be acceptors in up conver@lowed. Thus the multipole energy-transfer rates for each
sion. According to N&" energy-level diagram, fromFy,  Pair of D and A ions are determined the distance between

three up-conversion processes are possibf€sf, 4F,) ions, by the spectroscopic properties of the transitions and by
4 4 4 4 2 4 the matrix elements of the unitary operat®§"); the pos-

—(Gepz, 15 OF ("Gapz, “luzd) OF ["G(L)arz, “luaral- In G T o T t be al dered in actual

all these cases the up-converted excitation relaxes rapidly J?'€ J-mixing efiects must beé aiso considered in actua

4F 4, and the residual excitation from the terminal level of €3S€s-

the donor act relaxes nonradiatively to the ground state. The 1he experimental data indicate that the use of only mul-
final effect of all these up-conversion processes combinePClar interactions is not sufficient for many systems doped

with the multiphonon relaxation ofF 5, population is simi- with rare earths and a superexchange interaction via the

lar and they can be accounted for together; they modify th@ridging ligands must be considered. This interaction has a
state of the donor, but not that of the acceptor. short-range character and is anisotropic and depends both on

Both down conversion and up conversion are CrOSSj[he distanceR between the rare-earth ions, on the levels in-

relaxation energy-transfer processes, the only difference b&0!ved and on the nature, number, and geometrical configu-

ing the initial state of the acceptors. Though the bases of thEtion of the intervening ligands. Several auttors’ de-
energy transfer between ions in crystals are kn&%fh,in duced, in the case of ionic crystals, an exponential decrease

order to make more clear the interpretation of our decay datgf the superexchange for the non-nearest ngighbors. We shall
a review of some significant aspects of this theory shall bé!S€ here for_ the transf_er rate a relation similar to that for the
presented. In absence of migration, the nonradiative energy?S€ Of the isotropic direct exchartfe:
transfer from a donob to an acceptoA is governed by a 1 R
transfer raté/Np, that depends on the nature of the interac- W, (R)= —eXF{ 7( 1— _)
tion HamiltonianHp, responsible for transfer according to 7o Ro

the golden ruléNp=27/h|(ablHpala’b’)|?S, wherea,a’  wherey=2R,L L, with L the effective Bohr radius andl,
andb,b’ are, respectively, the initial and final states of e  the penetration depth, i.e., the distance at which the transfer
andA ions, andSis the superposition integral @ emission  rate due to exchange equals the rate due to intrinsic deexci-
and A absorption. The energy transfer reduces the survivajation lifetime 751-

probability of excited donor by a factor equal t© |, crystals each excited Nd ion p can act as a donor and

exp(-Wopal). _ _ is surrounded by a particular configuration Nf, ions j
TheD andA ions can interact by multipolar and exchange placed at the ., distances, which at a given moment of time

processes. In the case of multipolar inte_ractions between Wosh pe acceptors either for up conversion or down conver-
rare-earth |on$yvh|ch resglt from the _)SGYI%S develgpment of sion, depending on their instantaneous energy stg{or

the electrostatic interactiohlpa=e”/|rp—r | that induces 4|,,). Up conversion and down conversion compete in the
transfer between the energy lev&s J of the ground state deexcitation of“Fg,, a special circumstance being that a
configuration 4") the energy-transfer rate can be written ashigh excitation density irfF g, at the beginning of decay,

a sumt*Wp o= WES + WE%+ Wa% =S WE) with s=6, 8,  r(0)Cpg-, reduces accordingly the initial concentratich

or 10 ford-d, d-q, andg-q interactions, respectively. The —r(0)]Cyg+ of Nd** ions in the ground state. The fraction
presence of these interaction mechanisms is governed by sewvaries in time and modifies the ratio between the instanta-
lection rules similar to those for the radiative transitions bemneous concentrations of acceptors for up conversion and
tween the states involved in transfer. Thus the quadrupolagiown conversion. The distance dependence of the transfer
interactions are allowed between states of the ground corrates induces also a modification in time of the geometrical
figuration, while the dipolar interactions are induced by con-distribution of the excited Nt ions. This indicates that
figuration(Judd-Ofelf mixing: The energy-transfer rates can even under very strong pum(0)—1] these processes
be written in the simple fornC$ARpA, WhereRpa is the  must be taken into account together. However, if the pump is
D-A distance and the transfer microparameﬁéj,{ is pro-  weak and (0) is small, of the order of 1%, the problem can

: @
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be reduced to a good approximation to the down conversiortjon. The average survival probabilith and the transfer
by assuming a time-independent concentration of acceptorfynction P depend on the model used for the statistical dis-

practically equal to the Nt ions concentration. tribution of acceptors in crystals. Basically there are two
types of distributions: continuous and discrete. In the con-

IV. DOWN-CONVERSION ENERGY TRANSEER tinuous uniform distribution the density of dopant ions is the
BETWEEN IONS IN CRYSTALS same at any geometrical point of the crystal and the transfer

) ) ~ function P(t) can be written in a closed form for each mul-
Each of the acceptors from the particular configurationtpolar interaction.

around donor can contribute independently to the deexcita- When 0n|y the down conversion is effective' the transfer
tion of donor by energy transfer and the survival probabilityfynction in the continuous distribution model has an explicit

in presence of transfer is given by dependendg ont,
s NA 4 3
Np(t):]]‘:[]_ eXF(_WJ'pt):eX;{_JZl Wj,pt:| (2) P(t,nA): §7TnAF(1_ g) C%/Zt3/51 (6)

Because the individual raté¥;., depend on the type of in- \whereI'(x) is the Euler function and, the absolute accep-
teraction and on distance, particular multiple interaction pictors concentration. The temporal evolution of donor emission
tures are possible for the near-ion pairs. (5) with the transfer functior(6) is nonexponential over the
The temporal dependence of the luminescence intenSity Qj(lho|e tempora| range of emission. Equa“(ﬁ) predicts a
the whole system of donors after a short exciting pulse isjery fast decay at early times and its derivative a0 be-

then obtained by summing the individual contributions,  comes infinite. Although it enables a direct determination of
the multipolaritys by predicting a linear dependerité? of
1(t)= 2 IopeXF{ _ L) Nop, 3) P(t) ont®", a maj(_)r short_coming is its limitation to a single
p Tbp type of multipolar interaction. The theory of energy transfer

in the continuous distribution model was recently adapted to
accommodate the correlated placemertregions of en-
Panced or depleted concentration of acceptors around the do-
nor or the multiple interaction picturé however, the pa-
rameters obtained from the fit of the experimental data have
not a precise physical meaning.

8l 3 In case of the discrete distribution models the dopant ions
ber of donorsp (usually larger than 6-10°cm ) and ;16 |ocalized at specific crystallographic sites and the average
since the exact configurations of acceptors around each deyynor emission can be obtained by specific statistical meth-
nor is not known. Because of this the response of the wholgg gych as the Monte Carlo simulation or the analytical
system is taken as an average on all the possible accepiofyyistics. in the Monte Carlo simulatidigarticular random
configurations, i.e., on 'ghe whole_ sublattice of sites ava'labl%onfigurations of acceptors are generated around each donor
to the acceptor ions; this averaging depends on the homoggy, | sing appropriate averaging functions and cumulative dis-

neity of theD andA systems and on the statistical model of i, \ion functions for donors and acceptors and the total
distribution of the acceptor ions on the available lattice siteSamission is then obtained as an average of the individual

_ emission of the donors. This method, as other numerical ap-
A. Energy transfer in homogeneous systems proaches, does not allow a direct discussion of the influence
If all the ions of eachD and A systems have identical Of the various parameters of the system on emission kinetics.

. . L i iati 39 i
spectral properties and absorption and emission cross sec- N the analytical statistics treatmé®t*°the survival prob-
ons(egless . 1. andr ) hes ystems. S5 GVE1 b he averag vale of e donr s
re considered homogen n . m ; . ’ )

are considered homogeneous and &jbecomes compass the whole sublattice available to the acceptors. The

t 2A

1(t)=1 exp(——)Z lopexp — X, Wit
o/ p j=1 7

wherel,, is the emission intensity of dong;, given by the
product between the integrated spontaneous emission Ei
stein coefficientA and the energy quantuhw, while 7y, is
the emission lifetime for dongp in absence of transfer.

The temporal dependence [ft) is nonexponential. The
summation in Eq(3) is difficult due to the very large num-

averaging could be made either on the various structural sub-
(4) assemblies of this sublattice and the survival probability for
the whole system is obtained subsequently by multiplying

these partial average values, or it can be made directly for the

According to the discussion of the preceding section, thgnole sublattice. The averaging inside of each subasseimbly
sum in Eq.(4) can be replaced by the product between theakes into ccount the various possibilitieseach occurring

number of donorsNp, at the beginning of decay and the \yith the weighed probability,; and corresponding to a sur-
average survival probabilith(t) over all the possible accep- yjyal probability ny(t):

tor configurations:

I(t)=|0exp<—i)N(t):I0ex;{—i)exp{—P(t)], Ni(t):; PraNi(t)- @
D D

5 . . .

® The most simple subassembly of the sublattice available
wherel, is the emission intensity after the laser pul$g ( to acceptors is each crystallographic site of this sublattice. In
=AhvNp,) and the functiorP(t) is called the transfer func- the case of a unique energy-transfer process, down conver-
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sion, and one type of acceptors, for each sitgere are only  discreteness of the crystalline lattice a chain of discrete per-
two possibilities: it is occupied with the probability [ pq; turbations, corresponding to the various near ion ensembles
=p; and n;;=exp(=Wit)] or it is not occupied f,=1  can be produced, leading to the apparition of spectral satel-
—pi,nyi=1). Thus lites whose number and relative intensities depend on the
. structure of the crystalline lattice and on the concentrations
N;(t)=(1—p;)+ p; exp(—W,t) (8) of the dopant ions. These perturbations could also modify the
optical transition probabilities and the radiative lifetimes. All
these spectral and dynamic effects of perturbation transform
N the systems of dopant ions in nonhomogeneous systems,
N(t)= H Wi(t) composed o_f homogeneous_subsystem_s o_f ions with i_dentical
i=1 spectroscopic(wavelength, intensity, lifetime properties.
N, Thes”(_a su(bsysterrgs dcan bl:? Iinkergs with the _rr—isolvl;ed spectral
_ _ satellites (“perturbed” subsyste a special subsystem
_iHl [(A=p)+piexd—Wi]=exd —P()], (9 corresponding to the weakly perturbed iofi§solated”
ions). The homogeneous subsystems are also
WhereNt denotes the total number of sites for the Sublatticq)articu|arizeas'56 by a selective manifestation of the energy-
available to the acceptors arf(t) is called the transfer transfer processes, since the type of acceptor configurations
function. In case of random discrete occupation with equahround the donor will be different for each of the perturbed
probability of the sites of this sublattice, the occupationsubsystemgthere is always an acceptor in one of the nearest
probability p; sites equals the relative acceptor concentratiortoordination sphergswhile for the subsystem of “isolated”
Ca: ions the donor is surrounded only by distant acceptors. The
N, ahveraging of the don%r ?}ecgy can k]ze r;chenhmlade for eacfhdof
B these subsystems and the decay of the whole system of do-
P“)—‘El IN[(1=Ca)+Caexp=Wi)]. (10 o5 under a uniform, nonselective excitation can be ob-
tained by simply adding the individual contributions of the
The functionsN(t) andP(t) can be calculated if the in- subsystems, weighted by the corresponding occurrence prob-
dividual transfer rates to acceptors at any lattice sitage  abilities. The selective excitation of each subsystem enables
known. Thus the discrete distribution model enables one t@ direct determination of the transfer rates corresponding to
take into account the multiple interaction pictures or anyvarious near acceptors and thus provides a check of the trans-
factor that could modify the probability of occupation or the fer parameters inferred from the global response of the
characteristics of transfer from site to site, such as the charggample under nonselective excitation.
or dimensional correlations. If the structure of the crystalline
lattice allows the definition of coordination spheres for ac- B. Energy transfer in inhomogeneous systems

ceptors around the donors, each containmgvailable sites We consider a crystal with a small concentration of do-

and if the transfer rates depend only on distance, the transfef, s and with a larger concentration of acceptors and assume
function can be written as that only the nearest acceptor ion from one of the first
N, acceptor coordination spheres around the donor could pro-
_ _ _ duce resolved crystal-field perturbations at the donor site,
P 21 M I[(1=Ca)+ Caexp(—WiD)]. (11 i.e., induce satellites in the donor optical spectra. In order to
make the problem more clear we assume that the acceptor
Though the transfer functionB(t), Egs.(10) and (11),  concentration is not so high as to have more than one accep-
are valid over the whole temporal range of emission kineticstor ion placed on only one of the coordination spheres of
over definite temporal ranges they can be approximated bgrder smaller than or equal to thus the number of homo-
simple functions of time and concentration. Unlike the caseyeneous subsystems equalst+(1), the firstk being per-
of the continuous uniform distribution, the derivative of turbed subsystems. The energy-transfer functions for these
function P(t), Eq. (10), is finite att=0 and equal toVs;  subsystems can be calculated by a proper averaging on the
=CA2;W; . At low acceptor concentrations the beginning of specific acceptor configurations or by the particularization of
decay(over several to tens gisec, determined mainly by Egs. (10) and (11) to the structure of each of these sub-
the inverse of the transfer rate to the acceptors from the firstystems: this specificity is determined by the occupation of
sphere accounted for in suman be approximated by a lin- sites in the nearest spher@gp to the spher&), the remain-
ear function of timeP(t) =W, while at larget for a mul-  der of the acceptor system being considered identical for all
tipolar interaction it can be approximated by Ef). subsystems. Thus in case of the perturbed donor subsystems
The theory of the static energy transfer in the randonthe energy-transfer process can be considered as composed
discrete distribution model for homogeneous systems medf two parts, a fast transfer to the neargstrturbing accep-
considerable success in describing the luminescence decay companion and a slow transfer to the system of distant
governed by down conversion at low pump intensity for vari-acceptors, outside of the coordination spHerahile in case
ous doped crystals. However, in many c838€>>3=°°the  of the isolated donor ions subsystem only the second part is
high-resolution spectra show an appreciable structural andctive.
hence spectral disordering of the systems of dopant ions due Thus for the perturbed systems with only down conver-
to the mutual crystal-field perturbations inside the statisticakion and under low pump intensity, if the perturbing acceptor
ensembles of dopant ions in near lattice sites. Owing to thé placed on the spheje

and
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Pi(t)=Wpa(r)t+PEA(D) (12) 0.0

YAG: Nd®* 1.5at.%, 300K

with the distant transfer contribution o

PO=—> min[1-Cp+Cpaexp—Wt)], (13 =
I>Ny -0.2

whereNszkzlmj , While for the system of isolated donor

ions P(t)EPgd)(t). Thus the sum in Eq13) is truncated as 034

compared to Eq(11), by excluding the contribution of the

first k spheres. With these particularized transfer functions a

specific temporal evolution can be obtained for each sub- 4 : : : : : :

system. As shown by Eq$12) and (13), the luminescence 0 5 10 15

decay for theD-A near pairs is not purely exponential and "2 [us"?]

independent oiC,, as largely accepted, but it is modulated

by the distant transfer which is nonexponential and depends FIG. 1. ExperimentaP(t) function versus'? for “F g, emis-
with Eq. (11). The experimental points are shifted uniformly down-
ward in order to evidence more clearly the quality of the fit.

V- EXPERIMENTAL RESULTS AND DISCUSSION A. Emission decay under 532-nm low intensity excitation

The previous high-resolution absorption and emission the high-resolution room-temperature luminescence de-
studie§ on N* in YAG have shown a variety of satellites cays of YAG:NG* with concentrations of 0.1 to 2.5 at.%
around the main lines connected either with the presence i3+ show a concentration-dependent nonexponential decay
the vicinity of N* ions of nonstoichiometric defects— which up to 1.5 at.% Nd is dominated by a stdlieA trans-
satellitesP;, or with N&®" ion pairs: satelliteM; Corre-  for rogime, while at larger concentrations, such as 2.5 at.%
sponding to the firstorder (NN) pair, satellite NG 5 clear evidence of migration is observed. In this study
My—second-order (NNN)  pair, ~ and  satellite \ye focus on crystals with less than 1.5 at.% Nd by using a
Ms—third-order pair. In the optical transitiorflg;,(1) high time resolution measurement 20 ns).

— *Fyp(1) the M; satellites are placed, respectively, at' “The energy-transfer effects are analyzed by studying the

-5, +1, f‘lnd —-0.8 Cm—_l from the main line N  temporal and concentration dependence of the transfer func-
(11 425.5 cm*) corresponding to the isolated ions. Only the tjgn P(t,Ca)=—[In(1/10)+t/75], with 75 =260 usec. An il-

satelliteM, is well resolved whileM, andM are observed |ystration is given in Fig. 1 for a sample with1.5 at.% Nd

as shoulders of thé&\ line, satelliteM3 is also very close \yherep(t) is presented as a function t¥?2 (dots represent
(0.5 cm') to satelliteP;. The best resolution of these sat- the experimental pointsThe experimental data reveal three
elites was obtained in the absorption spectrtfy(1)  time-dependence regions. At long times the decays are well
— “Fo(1) whoseN line lies at 14621 cm'. Several other  gescribed byt¥2 (d-d mechanism at intermediate times
much weaker satellites of uncertain origiensembles of ~5-40 usec(Fig. 2) the transfer function shows a quasilin-

higher order than pairs, accidental impurifiegere also ob- g4y temporal dependence, while the beginning of the decay
served. The high-temperature grown crystals show also the

presence of the spectrumwhich was tentatively assigngd 0.00 -
to a small fraction of N&" ions in octahedrah sites. Ac- :
cording to these studies, 532-nm excitation is almost reso-
nant, at very low temperatures, with a sharp absorption in the
4G, level of centerA, but with increasing the temperature
the absorption in this region is dominated by a wing of the
hot band transitiorfl ¢/5(3)— *G,(4) of the main centeN

and of the associated satellites. At room temperature it car=
be considered that 532 nm excites nonselectively the center™
N, P;, andM; . Thus if a sufficiently large pass width is used -0.101
for detection, the emission of the whole ensemble of Nd

isolated ions and pairs is observed. This nonselective room
temperature 532-nm excitation was used to investigate the
luminescence decay of the ensemble of Ndons and the 0.15
low-temperature selective excitation itFq, to check the
conclusions resulted from the global emission. In order to

avoid the effects of up conversion in all these cases the ex-
citation was weak and promoted less than 1% of thé " Nd FIG. 2. Emission decay at early times foF,, level of N*
ions to the metastable levéF,. (1.5 at.%9 in YAG at 300 K with 532-nm excitation.

YAG: Nd3* 1.5at.%, 300K
-0.05 4

t [us]
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TABLE |. Static energy-transfer parameters for self-quenchinéfaf, emission of Nd* in YAG at 300

K estimated in the present work and in Ref. 11.

Multipolar microparameters Superexchange parameters References
ChAenPs®)  CRA(enPs ™)  CHR(em®s ™) Ry(A) L(A)
1.85x 107 %0 0 0 5.43 0.54 This work
1.148<10° % 9.87x 10 % 9.53x10°¢7 10.75 0.1 Ref. 11

(t<2 usec) is much faster. Fdr>2 usec the decays are
similar to those observed earft&t®*°in the low temporal
resolution measurements.

action is superexchange, frokv, and the possible small
effect discussed above in the transfer to the acceptors from
second sphere the characteristic parameters entering in Eq.

The complex shape of this decay can be explained byl) could be estimated:~0.54 A andR,~5.43 A, values

assuming that the transfer raé, to the nearest acceptors
(I=1) is much larger than to the others. In this case(Ed)
can be written as

P(t)=—mqIn[1-Cp+Cpaexp —W;t)]
N;j
- |21 m; IN[(1—Cp) + Caexp —Wt)]

=P (1) +Py(1). (14

For very low acceptor concentrationisf ~1 at.9%9 the
first termP(t) of Eq.(14) reaches a value of abont;C, at
the timet;~m;W; . For highW;, ratest, could be outside

the experimental temporal resolution; in this césg€t) can
be approximated byn,C,, and corresponds to a sudden

drop of P(t) at the beginning of decay. The second term

P,(t), is similar in form to Eq(11) but the sum is truncated
atl=1, i.e., it excludes the NN acceptors considered b
P.(t). For early timed,(t) can be approximated by a linear

function of time-static ordered regime, with a slope

CaZi=1MmW,;; the temporal range of quasilinearity in this
case is rather long due to the exclusion sfl term from the
sum. If we assume that for>1 the transfer is dominated by
a d-d interaction W,=C39R, ®), for long times and low
acceptor concentration the functid®y(t) can be approxi-
mated by Eq.(6) for continuous distributiot?*>*” with s

=6 or by a correlated distribution function which excludes a1 20 cm3)

volume from the acceptor distribution around dorfbithe
t'2 dependencéFig. 1) and the fit of experimental data with
Eq. (6) gives the d-d microparameter C34~ 1.85
x10"%cmP s71. A slightly larger microparameteC3%
~1.9x10 *cm®s ! is estimated from the slope
CAE,>1m|Cg‘1R|_6 of P,(t) in the static ordered regime.
The small difference between these t@f values could be

that are affected by the experimental error$\in These two
parameters together with tlied interaction microparameter
Cc99=1.85<10"*cm® s7 enable the calculation of the
transfer ratesV;= W@+ We* for each siteé and the transfer
function (10) describes well the observed decay under weak
pump over the entire temporal range starting now from 20
nsec(continuous line in Fig. 1 These data confirm our pre-
vious low-resolution measurements where the fast drop was
not observed, but its presence was inferred from the analysis
of the shape ofP(t) on the available time ranget (

>2 wsec) and explained in a mixed interaction picture con-
sisting of a short-range interaction that manifests within the
first 2 usec and al-d interaction in a cross-relaxation pro-
cess and the inadequacy of tded continuous distribution
model ¢*? dependenceto describe the energy-transfer pro-
cesses at early times. The present analysis suggests the ex-
tension of the influence of the superexchange interaction to
at least the second and third coordination spheres.

Y A fast initial decay was also reportédrecently, but a

completely different set of energy-transfer parameters for
4F3,Nd®* level in YAG were inferred from a Monte Carlo
description. It was assumed that a complex four-type inter-
action picture(three multipolar interactions and exchahge
takes place with the parameters given in Table | that includes
for comparison also the parameters determined in the present
work. The parametetSwere deduced by assuming that for a
sample of 1.1 at.% Nd(i.e.,, a concentration of 1.523
the donors concentration was 1.320
x10?°° cm ™3 and that of  the acceptors
0.144x 10?° cm™ 3—one order of magnitude smaller; the role
of remaining Nd ions was not specified. It is not clear how
such a high donor concentration was achieved by exciting
with 532 nm. On the other hand, one would expect a very
strong manifestation of up conversion, making the model of
analysis only by down conversion improper. Apparently the

explained by the residual influence in the transfer to the acmodel! was based on the assumption that only part of the
ceptor from the second and third coordination spheres of thald®* ions can act as acceptors, namely those corresponding
strong short-range interaction which determines the quenche the perturbed centers. No justification of this unusual

ing inside the NN Nd-ion pairs.
As shown by the datéFig. 2), the fast initial decay de-
termined byP,(t) extends practically to-2 usec after the

choice and no clear identification of these centers was pro-
vided; apparently they refer to Nd pairs, although the
value given for the acceptor concentration was lower than

excitation pulse and induces a drop in emission proportionahe global concentrations of the first- and second-ordeér'Nd
to the N&* concentration. This can be explained with a ratepairs. All the other N&' ions are considered as donors.

W, of the order of 2.% 10° s~ with an error of 20%. Since
the estimated dipolar contribution t/; is of ~7.5x 10°
s™1, the transfer rat&V, contains a dominant strong short-

Physically this eliminate the largest part of Ndions, in-
cluding the majority of isolatednonperturbet centersN,
from acting as acceptors and the®Ndons of NN and NNN

range interaction contribution. If we assume that this interpairs from acting as donors. This in turn excludes any trans-
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fer inside these pairs and leaves as the only possible transfgfies M; depend on the Nid concentration and show slight
that from isolated N&" ions to the ions from NN and NNN - gepartures from exponential. The emissiorvbf center has
pairs, i.e., a selected type of distant transfer. The nfodeld 5 very fast component that disappears practically within
its implications are in evident contradiction with the actualzﬂsec’ followed by a much slower weak tail; the fast part of
physical picture of the energy transfer inside the system oMl decay rate, at low Nt concentration, is of the order
Nd®* ions in YAG. It is not clear if only this choice of egtimated from the global emission (X5C° s~ %) while the
concentrations determines the huge energy-transfer parafjaak long tail is due to the accidentally excited long-lived
eters reported in Ref. 11. The multipolar contributions to thecenters, in agreement with the time-resolved spectra that
energy-transfer rates calculated with these parameters for thg,qy some nonselectivity in emission. The emission decay
various near_l;l%ﬁ ion pairs areW1=%.l45>< 10° s, W2 of the M, satellite shows an obvious concentration depen-
=4.43x10° s™!, and W3=2.4x10°s™* for the first,  gence: for the sample of 0.5 at.% Ndthe effective decay
second-, and third-order pairs, respectively, and the calcujme (1k time) is ~ 90 wsec, while for 1 at.% Nd it becomes
latedg-q andd-q rates dominate thd-d contribution upto  _gg usec. For Ms this effective lifetime is around
9.545 and 9.272 A, i.e., beyond the eighth-order pair. At thej30 ,sec at 0.5 at.% Nt . Thus for all the pair centers the
same time the superexchange rat48” calculated with Eq. effective lifetime is much shorter than for centsy which
(1) and with the parametefsamount to 1.X10°°s™* and  shows at the beginning of decay a quasilinear temporal de-
1.633x 10" s™* for the first two Nd™* pairs; even for the pendence with the lifetime of about 24Bsec for 0.5 at.%
ninth-order pair(at 10.181 A), W™ still amounts to 3.367 N+ and 235usec for 1 at.% N&'. At the same time, the
X10° s™*. With these parameters the energy transfer betifetime at the beginning of decay for centidris larger than
tween the Nd" ions in YAG is dominated up to large dis- that corresponding to the measured low-temporal resolution
tances above 10 A by superexchange. According to thgv,, values for the global response of samples under nonse-
above discussion, all the pairs with such high transfer rategctive 532-nm pump230 and 205usec, respectively
would induce a fast drop of emission at the beginning of These decays can be explained by H4®) and(13) for
decay: all the emission inside the pairs up to the tenth ordethe energy transfer in case of the inhomogeneous systems of
should vanish in a few nsec, while the emission of the firsidopant ions. Thus for the isolated Xidions only the distant
two pairs would disappear practically at the end of the excitransferP(?(t) to acceptors placed outside the third coordi-
tation pulse. nation sphere is effective: the long-(L00 usec) linear por-
Such enormous energy-transfer rates as predicted by thfn of the transfer function at the beginning of decay and its
transfer parametefSare very unlikely, for systems such as slope are consistent with the dipolar mechanism of interac-
Nd:YAG where the superposition integrél of the donor  tjon, with the microparamete®d% determined from the glo-
emission and acceptor absorption for the down-conversiogg| emission decay and the sum in Etjl) excludes the first
cross relaxation that quenches thE;, emission is very three coordination spheres. For the pair cenkérghe lumi-
small. In fact, these rates exceed by far any other data Ofescence decays are well described by assuming a fast trans-
energy-transfer processes in Nddoped systems and are in g, W, =W+ WY from donor to the perturbing acceptor
strongscontradiction to those determined in the present Papelbmpanior(the first term on the right side of E€L3), modu-
for Nd®*:YAG. A criterion for the selection of the most |ateq by the concentration-dependent transfer to distant do-
appropriate energy-transfer parameters is to check their efy,o P@(t). Thus the rateW, is equal to~2.5x1(f s~ 1

ffCt in other experiments such as the selective gmisgsion %nd is dominated by superexchange with a weak contribution
F3, level under quasiselective excitation of variousNd  fom d-d interaction. for ratéw, of 7.9x 10° s~1, the situ-
pairs (that enables the direct estimation of the transfer rateSyion is reversed. withd-d dominating, whileWs,, of 4.3

inside the various near ion pajrand the circuit of excitation 10° s ! is almost completely determined by this interac-
after cross relaxation. Since the excitation of the terminahon_ Up to (1£) drop of emissionP® is nearly linear in
level of cross relaxation’l 15y, is completely lost by mul- e “\ith a slight deviation foMs, but it introduces a
tiphonon relaxation, the influence of the energy-transfer pa

Qje—excitation (p), the fast and the distant transfer, calcu-
lated with the transfer parameters determined in this work
from the global emission decay are in a good agreement with
B. Emission decay of*F 5, under quasiselective low intensity those determined experimentally for €L/drop of emission.
excitation For longer timesP® induces slight departures from expo-

The absorption trum & en(1)— 4F ol 1) transition nential. The observation of the individual emission of all
€ absorption spectru 9(1)— "Fop(1) transitio these pairs, extending@xcept ofM;) over a quite long time,

shows a bet}er spec';rall resolution than other transitions US&bntradicts the enormous energy-transfer rates calculated
to pump the”F 5, emission. However, due to the large vari-

: o ith parameters of Ref. 11 and the dynamics of emission of
ety of structural centers and to the partial superposition o P y

their absorption or emission spectra, or the selectivity of ex-he selectively excngd individual cenfceINsand M; rule out
. . ' e .completely the physical model used in that paper.
perimental setup, the resolution of the emission of the vari-
ous centers is not perfect. The luminescence decays of the - 4 .
quasiselectively excited centetd and M,, detected in C. Energy transfer and quantum efficiency of “F 5, emission
the!F5,,— | o5 transitions with a temporal resolution of 20 ns  The energy-transfer processes reduce the global quantum

show very large differences. The emission decays of the pagfficiency » of the emitting *F5, donor level. This effi-

fractional heat effect measurements.
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ciency can be regarded as a product between the intrinsic 1.0
quantum efficiencyy; , which takes into account the effect

of the intracenter nonradiative procesgesch as the mul-

tiphonon relaxationp on the lifetime of the center and the 0.8 %
guantum efficiencyy, which reflects the effect of the energy s
transfer in the reduction of the intrinsic lifetime=

X 7;. Since the multiphonon relaxation does not change the
exponential decay, the intrinsic efficiency is expressed by the 0.6 a)
ratio between the measured lifetimg of the level at very
low concentrations and the radiative lifetime; as discussed
above for*F;,Nd®" level in YAG #;~0.98. On the other
hand, the extrinsic quantum efficiency is determined by the
area under the decay curve

0.4
Cnd) = ! f . ! P(t)]dt 15 <
7( Nd)_T_D o ex o exd —P(t)]dt. (19 =
By using the energy-transfer functid®(t) given by Egs. b)
(10) and (11) the extrinsic quantum efficiency can be ap- 0.2 . ! . !
proximated by a simple exponential dependence on the ac- 0.5 1.0 1.5
ceptor concentration Cat.%
n=exp(—bC,), (16) FIG. 3. (a) Calculated room-temperature emission quantum ef-

o ficiency for “F5,Nd®* level in YAG at low pump intensitycon-
where the parametdrcan be related to the individual trans- tinuous ling and (*) experimental datéRef. 16; (b) calculated

fer rates, fractional thermal load fof'F4,Nd®* level in YAG at low pump
intensity at 808 nni{continuous ling The squares indicate experi-
W, W, mental dataRef. 31).
b= 2 1 s M (17)
I Tp + Wi [ b + W|

rise of the sample. The fractional thermal load is defined as

With the down-conversion transfer parameters measurefi€ fraction of the absorbed pump power that is transformed
in this work and summing over 120 coordination spherednto heat. By considering that the pump is made in a &yl
(2740 lattice sitesavailable to acceptors around a donor Site,fror'n .WhICh all the excitation relaxes nonradiatively on the
for the *F 4, level of NB™ in YAG we obtainb~20. Equa-  ©Mitting levelE,, and that the average photon energy of the

tion (16) is more accurate than the relatiop=1—18.2C4 radiative spontaneous processes fiémis E, the fractional
used previousl;}g'zowhich is a linearization of this equation thermal load in absence of laser emission, can be written as

aroundC,=0.01.
The quantum efficiency for YAG:Ntd was measured by _ _
a large variety of method$:?>=*! These include the mea- mh=1- 77E_p_1_ i exp(—bCA)E—p.
surement of theé'F 5, emission decay, of the emitted power
or of heating effect.s, such as the rise of_ temperature of the The values of the measured quantum efficiency*l,
sample, thermally induced stress or optical distortion. Themissjon and of fractional thermal load for YAG:Nd at low
luminescence decay method assumes an exponential foriymp intensities are compared with those calculated with
regardless of Nt concentration, and takes as emission Iife—Eqs_(16) and (18) in Fig. 3 by assuming,=Cygq; for the
time the time necessary for @trop on a selected portion of |5t of these the pump was made at 808 nm with a diode laser
decay that excludes the beginning, i.e., precisely the portiognq the average emitted phot@was 9635 cm?, hence
where the transfer to the nearest spheres of acceptors CO- —1-0.763< exp(—20Cyy). As these figures show, the
tributes to the loss in emission. Thus, ferl at.% Nd this  anergy transfer parameters determined in this work describe
effective lifetime lies in the range of 230 to 23sec, which  yery well some of the existing systematic data on the quan-
suggestsy, in the range of 0.9. However, E(L6) predicts  tym efficiency and thermal load effects for Xdin YAG.
for 1 at.% Nd a value ofy,~0.819, i.e.,#~0.8. Thus a The very slight disagreement for the sample of 1.589 at.%
more realistic effective lifetime of the decay at a giver*Nd Nd [Fig. 3@)] can be explained by the onset of energy mi-
concentration would be 75q7(Cna) =7, 7:(Cna). €., gration which accelerates the deexcitation of fife,, level.
~213 usec for 1 at.% Nd. These results show that the energy transfer is a basically
Unfortunately, most of the reported data gnrefer to a  limiting process for the emission efficiency GF 5, ,Nd®*
unique sample, usually of about 1 at.% Nd, and they vary irevel in YAG and suggest that the very large values of quan-
the range of 0.47-1. However, several works report data otum efficiency reported by several authors are unrealistic; at
samples of various Nd concentrationsz obtained by in- the same time, the lower values reported in other papers can
terferometric calorimetry on three YAG:Nd samples of vari- be determined either by an experimental error or by the ac-
ous concentration& or the fractional thermal load for other cidental presence of other quenching centers in the crystals.
three samples, measufédby monitoring the temperature However, the presence of such centers must be considered

(18)



8096 V. LUPEI AND A. LUPEI PRB 61

with caution: sometimes their presence was inferred as a re- The analysis presented here can be extended to take into

sult of the use of some improper energy-transfer parameteraccount cases with a higher Nd concentration or with a high

Thus in Ref. 31 a quantum efficiency of 0.9 for 1 at.% Ndpump intensity which induces a larg¢o) fraction. These

was used for interpretation of data, which induced to an obcases impose the consideration of the up conversion together

vious disagreement between the experimental and calculat@dth down conversion as well as of the migration assistance

values of fractional thermal load; this difference was attrib-Of cross relaxation; such a study is now in progress.

uted to the presence of “dead sit¢§"(about 10% of the

total Nd ion3 where the N&" excitation is completely VI. CONCLUSION

guenched in a electron-phonon process that is independent of

the energy-transfer self-quenching. However, our results The high temporal resolutiof20 ng emission decay of

show that the data reported in Ref. 31 correspond exactly toFs2 N&®* level in YAG (for concentrations up te-1.5

the extent of self-quenching by down-conversion cross relaxat-%9 under nonselective weak pump, which precludes the up

ation if proper energy-transfer parameters are used. A furthéfonversion, shows a complex, concentration-dependent be-

check of the validity of Eq(16) is the value ofy inferred h6_1VIOr du_e to the _self-quenchlng of emission by cross rel_ax-

from the effects of the thermal processes in YAG Ndods ation on mtermed!ate levels; no clear evidence of migration

on the parameters of laser emissibf—0.8 for 1 at.% Ng. in this concentrations range is obse_rved. The experimental
Thus for low pump intensity the global emission Iumines-data are analyzed by the theory of direct donor-acceptor en-

: . .ergy transfer for discrete, equiprobable, and random place-
cence decay under nonselective pump, the quasiselecti

ission d f th : ¢ . . Yfient of the dopant ions at the available lattice sites.
emission decay ol the various o near ion ensemipess, The emission decay shows an initial very fast portion,
the quantum efficiency and the fractional thermal load mea;

- 9 ) 3 which was not observed in the earlier low-resolution
surements at various Nd concentrationgup to 1.5 at.%as (1 usec) experiments although its presence was predicted

well as the effect of self-quenching on global laser emissiofyom the analysis of decay which concluded that the transfer
efficiency of YAG:NG* rods can be explained consistently jnside the NN pairs is dominated by a short-range interaction
by a unique set of static down-conversion energy-transfefmost probably superexchangehile for all otherD-A pairs
parameters. According to this model the energy transfer thahe transfer is determined bydad interaction. The present
quenches thé'F 3, emission of Nd* in YAG in this con-  data confirm this model and enable a more accurate evalua-
centration range is a cross relaxation on intermediate levelgon of the transfer parameters; the influence of superex-
determined by mixed superexchange-dipolar interactions igchange interaction beyond the first coordination sphere is
which the first dominates for the NN pairs and the second forlso assumed with an exponential depend&hcéon the
the other pairs; a good fit of the data was obtained by assunlistance between the Rid ions. The limitation of the mul-
ing an  exponential distance  dependence  oftipolar interaction responsible for self-quenching 43,
superexchang®>° The presence of superexchange for theemission to thed-d contribution inferred from the present
NN pairs could be a likely explanation for the larger width of work is supported by the microscopic theory of the transfer
the M, satellite at low temperatures as compared to the linesates: none of the transitions involved in cross relaxation
of all the other centers from the system. At the same timepbeys the selection rules for the quadupolar interactions and
these decay data cannot be explained by the physical mod#ie J mixing is too weak to induce a sizable violation of
and by the energy-transfer parameters reported in Ref. 1ihese rules. This conclusion is supported also by the existing
Thus the selective emission of Nd ion pairs of first, secondreports on other systems, such as various fluoride crystals.
and third order is a crucial test for our model. The theory of energy transfer for discrete, equiprobable,
The limitation of the multipolar interactions to dipole- and random placement of dopant ions was adapted here to
dipole interaction can be explained as a result of the seledake into account the effects of the spectral disordering in-
tion rules that govern the transfer rates for these processesoduced by the mutual crystal-field perturbations inside the
As discussed earlier the quadrupolar interactions impose statistical ensembles of ions in near crystalline sites: for the
selection rulgJ—J’|<2 for the pairs of levels involved in  Nd®" concentrations used in this work the most important
the donor and acceptor act of the cross relaxation: none afnsembles are Nd ion pairs of various orders. These ef-
the pairs involved in the cross relaxatiorfHg, %l o) fects are manifested in the spectra by the presence of the
— (%1552, %l 15,7 responsible for self-quenching satisfy this satellitesM; (i=1,2,3) corresponding to various pairs and
condition. Apparently, in case of YAG:Nd themixing ef-  they justify the division of the system of Nd ions in sev-
fects for the levels involved in down-conversion cross relax-eral spectrally homogeneous subsystems corresponding to
ation are too weak to induce sizeable contributions to thesthese pairs, a special subsystem being that of “isolated”
parameters so as to make the quadrupolar transfer allowenbns. A selective manifestation of the energy transfer in these
This is in agreement with the studies of optical transitionsubsystems is observed. For the perturbed subsystems the
probabilities on this system which show that the electric-energy transfer contains a very fast transfer to the nearest
dipole process is really dominant*3and with the calcula- acceptor companion and a slow transfer to the other accep-
tions for aqueous Nd ior. A similar situation was also tors, while in case of the isolated Rt ions only the last
remarked in the study of other Rid doped systems, such as transfer takes place. The observation of the emission decay
fluorides®®®where the quadrupolar contribution is absent infor these subsystems enables a direct estimation of the trans-
the down-conversion cross relaxation t,, but it has an  fer rates to near acceptors. The emission of these subsystems
important role in the deexcitation of the levéGg, by the  can be further linked to the global emission of the system by
process (Gsp, o) — (*For, *l131). using proper weighting coefficients. The luminescence de-
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cays of M, Nd®* centers in YAG under quasiselective dye Sis of deca§/l for YAG:Nd, based on a mixed interaction
laser pump confirm the characteristics of the energy transfeicture containing superexchange and three multipolar inter-
inferred from the global decay. actions @-d, d-qg, andg-q) with an assumed concentration
The validity of the energy-transfer parameters given inof donors much larger than that of acceptors, for several
this work is further confirmed by the very good agreementreasons:(a) the energy-transfer microparameters are too
with the measured values of emission quantum effici&hcy large for the very poor superposition of the donor emission
and fractional thermal loddfor YAG:Nd®* samples of vari- and acceptor absorption and the quadrupolar interactions are
ous concentrations. It is evident that the self-quenching bygeverely forbidden(b) the enormous transfer rates induced
cross relaxation inside the system of Ndions in YAG by these parameters for the near®Ndon pairs are invali-
imposes an upper limitCyy dependent, of the emission dated by the decay of the selectively excited emission of
quantum efficiency and that a proper account of these proNd®* pairs of first, second, and third order; afwl the very
cesses could avoid in most cases a costly and timeconsumiinggh donor concentration assumed in Ref. 11 would normally
search for other, nonexisting, quenching processes. lead to strong up conversion processes making the analysis
The data presented here invalidate the Monte-Carlo analyef decay only by down conversion inappropriate.
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