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The effects of sensitization on the static and dynamic behavior of the luminescence emission of donors
(D) and acceptorsA) in codoped laser crystals are investigated. In many cases the sensitization with
transition-metal ions of the weakly absorbing rare-earth laser emitters leads to the modification of the spectral
properties of bottD andA ions, due to the mutual crystal-field perturbations. The main modifications of the
spectral properties due to the change of symmetry and/or strength of the crystal field acting on these ions are
discussed. Due to the discrete nature of perturbationd)thad A systems become inhomogeneous and they
could be separated in several homogeneous subsystems connected with §pécifiairs along with the
subsystem of “isolated” ions. The selective modifications of the energy-transfer processes due to the mutual
static perturbations are the main subject of this paper. A theoretical modeling of the donor and acceptor
emission kinetics in such complex systems is presented, assuming a discrete random uniform noncorrelated
distribution. An essential point in the theoretical treatment is the fact that for ndarésipairs a mixed
interaction picture, with strong influences of short-range ion-ion interactions must be considered. The codoping
can lead to selective behavior of acceptor emission for various subsystems as concerns the wavelength, the
moment and peak instantaneous emission, and the character of the subsequent decay. The model is illustrated
with data on the’H, Tm®" emission in YAG sensitized with &t or Fe**. [S0163-182(06)04922-3

[. INTRODUCTION as a product between a microparameter of interactigiy
and a function on distanag. The microparamete€y, de-

An important way to improve the efficiency of the solid- pends on the spectroscopic properties of Ehend A ions,
state lasers is the sensitization of emission of weakly absortsuch as the superposition integral of donor emission and ac-
ing active ions with other ions whose absorption betterceptor absorption, the acceptor integral absorption cross sec-
matches the pump emission spectrum and which are able t®n and the lifetime of donor intrinsic emission; in case of
transfer the excitation to the activator. A fast energy transfethe homogeneou® and A systems the microparameter
from sensitizer(donor, D) to the activator(acceptor,A) is  Cpa for a given interaction is considered as a constant. The
claimed in order to avoid the loss of excitation by intrinsic various D-A interactions impose specific dependences of
donor processetemission or multiphonon relaxationAc-  W(r;): in the case of the multipolar interactions this is given
cordingly, the efficiency of the energy transfer to the accepby r; °, with s=6, 8 or 10 for dipole-dipole, dipole-
tor is determined by the balance between the deexcitation ajuadrupole, and quadrupole-quadrupole interactions, respec-
the donor in the presence of transfer as compared with thes@aely, while the superexchange interactions lead to a very
intrinsic processes. strong dependence on distance but also on the nature, num-

The energy-transfer characteristics could be determinefler, and geometrical configuration of the ligands intervening
from the temporal behavior of the emission intensity of thebetween theD and A ions. The most popular distribution
sensitizer and activator ions after a short laser-pulse excitanodels used for calculation of the functional form of
tion of the donor levels. Traditionally, the systems of sensi-P(t,C,) are based either on a continuous unif&ffnor a
tizer and activator ions are considered as homogeneous, aliscrete random and equiprobabteccupancy of sites. The
the members of each system having identical spectral angmporal evolution of acceptor emission after a short pulse
temporal (radiative properties. In presence of direEt-A  excitation of the donor is a curve with rise and fall, the first
energy transfer, the donor emission decay is affected by part being determined by the fastest and the second by the
multiplicative factor exp—P(t,Ca)], which expresses the slowest of the two processes: the feeding with excitation
probability, averaged over the entire ensemble of acceptdrom donor(which is determined both by the donor intrinsic
ions, that the donor is not deexcited at the moment of timeleexcitation and by the rate of energy transfand the ac-

t by transfer to any of the acceptor ions from the systemceptor deexcitation.

P(t,C,) is a transfer function which depends on time and on The need for a high transfer efficiency implies large trans-
the relative acceptor concentrati@y ; this dependence can fer ratesW(r;) and thus favors the systems with shBrA

be determined for given models of acceptor ions distributiordistances and with a good packing of the acceptor sites
in the host lattice if the transfer rai&/(r;) to any acceptor around the donors. Recent spectroscopic investigatibhs

i placed at a distance from a donor is known. The indi- show that, due to their dimensional mismatch with the host
vidual ratesW(r;) depend on the nature of the interaction cations, théd andA ions could produce strong mutual asym-
between the donor and the accepit@nd can be expressed metric crystal-field perturbations at each other's site, func-
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tion on distance;, and on the relative direction of pertur- could be considered as placed on a coordination sphere of
bation with respect to the local symmetry axes of thand  radiusr; around the perturbed ion; for radii larger thgrthe

A centers. These static perturbations could modify the symperturbing effect is no longer resolved. If a coordination
metry and/or the strength of the crystal field acting on thesephere of acceptor ions around a donor ion contams
ions, leading to an additional rise of the energy levels degenavailable sites, the probability of havimg,; of these occu-
eracy, the shift of the energy levels and modification of theirpied by A ions depends on their relative concentration in
relative positions, the alteration of the selection rules, and otrystal,Ca :
the radiative transition probabilities. The most intense pertur-

Ma;!
bations take place for the neBr-A pairs; due to the strong  Npaj(Maj,Naj) = Al

—————_CIAI(1—Cp)™ai" ",
Naj! (Maj—Naj)! Al A

distance and orientation dependence of the perturbation and 1)
to the discreteness of the crystalline lattice, the perturbations
corresponding to several types of such rigah pairs form a A similar relation holds for the probability of having

discrete chain and could produce resolvable spectroscopiens near a givenA ion. In the case of theD-A pairs,
effects, while the perturbing effect of the most distant ionsp ;=1 and Eq.(1) can be used to calculate the absolute
reduces to an inhomogeneous broadening of the spectrghncentration of a given D-A  pair  subsystem,
lines. The presence of the strongly perturbed centers is maqlf-DNDAj(mAj ). Equation(1) shows that even for very low
evident by the apparition of spectral satellites; thus the hOCA (or Cp) concentrations there is a finite probability of
mogeneoud andA systems are transformed into inhomo- haying neaD-A pairs. In what follows, for the sake of sim-
geneous systems, composed of homogeneous subsystem@ty, we assume that, andCp, are low enough so we can
corresponding to the spectrally resolvi@eA pairs, an addi- neglect the probabilities of occurrence for ensembles larger
tional subsystem being composed by theor A ions for  than pairs, and inside the perturbation sphere of radjus
which the effect of perturbations is not resolvéitie sub-  there is only one perturbing o) we also neglect the intra-

system of “isolated” ions. _ system perturbative effects.
The specific modifications of the spectral properties of the

perturbedD andA subsystems ledfito selective changes of
their energy-transfer properties: the microparametegs, o
for the various interactions may cease to be a constant for the In the presence of energy transfer, the emission of the

A. The donor emission

whole D andA systems but they will take individual values donor subsystemd,, I=1,... k+1 is given by

for each subsystem. This individualization is enhanced by ¢

the possibility of having specific multiple interacting situa- IDI(t):nDI(O)AE)el)eXF( - _) exd—Poa)] (2
tions as well as by the fact that distribution of acceptors Dl

around the donor and the averaging of the transfer rates OVGfherenp,(0) is the number of donors from the systdn
the ensembles of acceptors are specific for each obtife i1 att=0, A% is their spontaneous emission coeffi-
SUt'i'shyes te?e?ent aper investigates the effect of these statiacrv 70! 1S the lifetime of donord, at very low acceptor

Pr pap g . . concentrations, an®p5(t) is the energy-transfer function.
pe rturbauon; on the energy tran.:sfer.and on activator emisyg qisessed above this function can be determined for a
f3|0n ptrr?petrtles If_or_subsyst_em?[_wnh d'rSHA energ()j/ tre_lphs— t given model of distribution of the acceptor ions over the
er without prefiminary rmigration on donors and WIthOut »4;-q sjtes available to them. Due to the discrete character
back transfer fromA to D ions. We also dlsregard_th_e intra- e perturbations and to the importance of riaA pairs,
systet:):n o or AE). %erturl()jmg eﬁefc:js duet to StathS'[ICE:’_d €N" the most suitable distribution model of donor and acceptor
sembles(pairs, triads and so grof dopant ions of a given jons in our case is that based on a discrete occupancy of the

isnort |fnt;1ear-2ei|t§i;;b§r lrift'cie slt?st.hThe tir\?t(ta (raquatlonl rSc\)/si(:hépecific crystallographic sites; we also assume thabtlaad
thg Ot tietise | S ) S b(ialit szo 0 r enac p ??hs’ \(/;Orlfp € b A substitution is random and equiprobable, with probabilities

€ statistical probability of occurrence for Ihé various su ‘equal to the relative concentrations of donors or acceptors,
systems shows that it is complex and heterogeneous. T

oo AR and respectivelyC,. In this case the energy-transfer
model is illustrated for the’H, Tm3" emission in YAG D A .
crystals sensitized by & and F&+. function can be generally written ‘as

L. THEORY PDIA(t):Ei IN{1—Ca+Caexd —Wpa(ritl} (3
Assuming that the largest number of resolved independerwith the sum extended on all the sites available to acceptors.

satellites in the optical spectra @ or A ions isk, the  This function can be also written as

inhomogeneous systems bBf and A ions could be divided

into | =k+ 1 homogeneous subsystems. The relative concen-  Poia(t)= 2 myIn{1—Ca+Caex —Wpia(rptl}, (9)

trations of these subsystems could be calculated for given "

models of distribution oD andA ions in the available lattice where the sum is now performed on the coordination spheres

sites. When thé® andA ions have identical electric charge containing eachmy, equivalent sites.

with the substituted host cations and in absence of dimen- The decay equatiof2) could be particularized for each

sional correlation, this distribution could be considered asD subsystem. Thus, for the perturbed donor subsystems

discrete, random, and equiprobable. If the perturbation dethe probability of having an acceptor ion on spheyeand

pends only on thé-A distance, the nearest perturbing ion inside the perturbation sphere is equal to one; by denoting
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the transfer rate to the particular perturbing acceptor byguenched. The second term(&) which describes the trans-
Whpjaj(r;), the global energy-transfer function for these per-fer to distant acceptors, contains a truncated sum, which ex-

turbed donor subsystems can be written cludes all the sites inside the perturbation sphere; thus, due to
§ the strong dependence on distance, the individual transfer
Ppja(t)=Wpjaj(rjt+ P(D,-)A(t), (5  rates inside this sum are small and the transfer is much

) , . slower. However, the presence of this second term shows
where Ppja(t) describes the transfer to distant acceptorsyyat contrary to common belief, the emission decay of do-

outside of the perturbing sphere, nors in the neab-A pairs is not exponential and it depends
(d) jor_ z on the acceptor concentration; this dependence is more evi-
PDIA(t)_i>NAk In{1—Ca+Caexd —Wpia(rit]} dent when the raté/p;;(r;) is not very large. The emission

of the unperturbed donor subsystem contains only the slow
transfer described by the truncated sum.

:th Manin{1—Ca+ Caexi —Wpja(rn)t]} The number of emitting donor centerstatO in each of

® the subsystemB, is

and Nay==m,;. The emission decay of donors from the Npj(0)=nNpjoAE} = NpoMajCa(1—Ca)™i 1AL, (10
unperturbed subsysteb, is affected only by the transfer to
distant acceptors and the transfer function is similatéo
The sum in(6) spans the acceptor sites from all subsystems,
including the perturbed acceptor centers which are farther
thanr, from the excited donor. For the range of dopant con-wherenp, is the total number of donors from the subsystem
centrations usual in laser techniques, the global energy, A(Daj) is the pump absorption coefficient for don@s, and
transfer functionsPp5(t) could be approximated by a sum np, is the total number of donor ions.
of transfer functions to the individual acceptor subsystems  If the excitation of the donor system is nonselective and
the emission from the whole donor system is monitored, it
7) contains contributions from all the subsystems discussed

Non(0)=NpoAR =np[1—(1-CA)NIAR),  (11)

Poia(t) =2 Ppar(t) with f=1,... k+1
f

above:

with
lo()= 2% 1pi(1)

PDjAj(t):WDjAj(rj)t+_2 In{1—Cpj
i>Nak )
+ CAjeX[{_WDjAj(ri)t]} = EI nD|OA(De|)eXF{ - T_DI) eXF[_ PDIA(t)]' (12)
=Whpjaj(r)t+PEa(t), ®)
while By taking into account the possible differences between the

values of A® A®  and rp, and the peculiarities of the

transfer functions for the various subsystems it is now appar-

ent that the temporal evolution of the global emission of

inhomogeneous donor systems is very complex and it could
=i>2N I{1—Can+ CaneXd —Wpjan(rtl}. (9  show large differences from the case of homogeneous sys-

Ak tems.

Caj andC,,, are the relative concentrations of the perturbed

and unperturbed acceptor subsystems.

According to Eq.(5) in the case of the perturbed donor
subsystems the transfer function contains two terms, the first The acceptor ions from the perturbed, (with
describing the transfer to the perturbing acceptor companiog=1, . .. k) subsystems could be excited by a fast transfer
of the excited donor and the second accounting for the trangrom the perturbing excited donor companion as well as by
fer to distant acceptors. Since the perturbation is produced bslow transfer from the other donors, regardless to which sub-
near ions, the first of these transfers is very fast and it couldystemD, they belong; at the same time the acceptors of the
be governed by a multiple interaction including superex-unperturbed subsystemy, can be excited only by distant
change and various multipolar interactions. As discussed idonors. The temporal evolution for the populations of accep-
the Introduction, the microparameters of the multipole intertor subsystems are then obtained by solving the rate equa-
actions for these centers could be modified from those cortions
responding to distanD-A pairs due to the change of the
spectroscopic properties of tileandA ions and the transfer

Ppjan()=Piha,

B. Acceptor emission

d
rates may not show clear distance dependences for the dif- 9Mag_ Nag ~ dPaga dPpjag
= Ag +NpgWgq+ 2, Mo,
ferent perturbed subsystems. In many cases, the rates corre- dt TAg dt i dt
sponding to the nearest-neighli®fA pairs are dominated by
superexchange and their value is so high that the emission of dPpnag(t) (13)

the corresponding perturbed donor ions is almost completely Dn dt '
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dnap Nan dPana dngAn choice _of the excited donor concgnt(atiom§,(0). At the .
at :_T__nA“TJrZ Npj dt same _tlme, 'Fhe total acceptor emission upder r_lonselectlve
An ! excitation in the donor system is given by
dPpoan SgNag(DAS+na()AL), where Af) and Af) are the
+nDnTv (14 spontaneous emission coefficients for the various acceptor
subsystems.

wherePaga and P describe the possible processes of de-  Generally, due to the complex form of the transfer func-
excitation of acceptor subsystems by cross relaxation witiions, the integrals in Eq$15) and(16) cannot be expressed
ions from any acceptor subsystem. The solution€l8f and  analytically; this makes the analysis of these equations very

(14) are difficult. However, if the transfer functions are approximated
by linear functions of timePpan(t) = CanWpmat, ONe has
t
nAg(t):exp{_ _J’_PAgA(t)) an(O)WDgAg
A Nag(t) = o Lexp( — Wi, at
g Ag(t) WSAIZ;A_W(Dt)gA[ Xp( Dgal)
t S 1
><|an(0)ngAg foexp[a— ;gjthgAg)s} —exp(— Wiat)]
Cagnpi(0)WY
XeXTPagi(8) ~PE3A(5)1ds # 3 A e~ Wit
] AgA DjA
t S 1 ‘
+ nDj(O)fex — —| —+Wpjaj | S —exp(— WY} A0)]
j 0 TAg 7Dj 9
CagNpn(0)WY
dP(IZ?')A (s) Aglbn DnAg[qu_W(t) 0
X X Paga(8) ~ Pja(S) ] — g —ds Waga—Wona o
s s —exp( —Wigat)] (17)
+nDn(0)foeXF{Kg_ E exd Paga(s) and
d)
dPpnag(s) Cannp;j(0)Whjan M
_ 9T onagtS) Nan(D) =D ——— I ey — W, t)
Pona(8)]—g4 —ds (15) An - TW— W, A —Wpja
and —exp(— Wihat)]
. t T CAnntDn(O)V\:(DdrzAn[qu_\Ng) 0
Nan(t) =ex a Ana(t) W,(A%A_WI(DLA "
t [s (1 —exp(— W), (18
; nDJ(O)foeX Tan | +Wpijaj | S where
dP@, (s) 1
O
X exff Pana(S) — P([,"jg(s)]%ds Waia= — CaWaia,
t S S W 1 ()
+nDn(0) OeX a_a DJA:T_D]+WD]AJ+2| CA|WDJA|’
X exf Pana(S)— P (s)]dPDnAnds (16) o _ 1 d)
AnA DnA ds : WDnAzg—'—zl CaAWSD Al
n

Equations(15) and (16) describe the evolution of the  The contributions of the energy transfers from the various
populations of the acceptor subsystems under nonselectignor subsystems to the emission of acceptors is described in

pumping in the donor system and they reflect the contribugqs (17) and(18) by functions of type
tion of the energy transfer from the various donor sub-

systems. The first term on the right side of ELp) describes Np(0)Wpa

the excitation of the acceptors, by transfer from the adja- N =y o (XA~ Wpt)—exp(—Wat)], (19
cent excited donorB 4, the second term describes the effect A b

of distant transfer from any perturbed donor subsystdra  whereWp andW, describe the global decay of donor and of
sum overj includesg), while the third term describes the acceptor systems, respectively, awg, describes the en-
distant transfer from the unperturbed donbrs. Equations ergy transfer between these systems. The funct{ohgiven
(15) and (16) could be used to describe the emission undeby Eg.(19) is a curve with rise and fall: it starts from zero at
selective pump in any of the donor subsystems by a propdr=0, reaches a maximal value
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Np(0)Wpa

W, | Wal(Wp=Wa) acceptor deexcitation; a late shoulder on this decay could
n = —
A max Wy  (Wp

(200 occur due to the slow excitation described by the third term
in (17). In case of the nonperturbed acceptor subsystem
at the moment A, , Eq. (19 predicts a fast but very weak excitation due to
the distant transfer from the perturbed donor subsystems, fol-
IN(W4/Wp) lowed by a slow but much stronger excitation from the un-
tA maxzmv (21 perturbed donor subsystem.
This complex behavior of excitation of the acceptors by
then decays in time. The decay part is mainly determined b¥nergy transfer makes possible higher peak instantaneous ex-
the smallest of the rates\(, ,Wp). The integral number of citation of the perturbed acceptors as compared to the unper-

acceptor ions excited by transfer is turbed ones although the concentration of the latter is much
larger. Also, since the energy transfer and intrinsic deexcita-
— Np(0)Wpa 22) tion processes of the variollsandA subsystems could have
AL WL W, different temperature or concentration dependences, the ac-

ceptor excitation picture could change in various conditions

With these relations we can estimate the effect of transfeof experiment. Numerical calculations with the exact Egs.
on the evolution of acceptor emission. Thus, if we take ag15) and (16) show that the general features of excitation,
model datary'~10° s~ andW,~10* s~ %, if the energy  described in the approximation of linear temporal depen-
transfer is very fast, Wpa~10" s™1), namax €quals dence of the transfer functions are preserved.
0.9931(0) and occurs at 0.6@s after excitation; the rise is While the peak instantaneous emission values for identi-
determined by the fast decay of the donor due to the energgal np(0) values in the case of rapid, moderate, and slow
transfer, while the decay portion is determined by the intrin-energy transfer show very large differences, the total number
sic decay of the acceptor system. If the roles of deexcitatiowf acceptors excited by energy transfer,,:, EQ.
mechanisms of the donor systems are interchanged, i.e., 82), by using the model rate values as above
m5t~10" s™! and Wpa~10® s~! the evolution ofn(t) ~ amounts to 0.99810 °np(0), 0.952<10 °np(0), and
will be similar to the previous case, b ;5 andn s Wil 0.5x 10 °np(0), respectively, for the three cases of transfer.
be much smaller, by about four orders of magnitude; thisThus as concerns the absolute value of the total sensitized
shows that the energy-transfer rag , determines the am- emission for the various acceptor subsystems considered
plitude ofn,(t), while its shape ant), . are determined by here, their relative concentrations play a more important role
the whole process of deexcitatioi, of the donor system than for the peak instantaneous values: usually this emission

and by its relation tdV,. For a moderate transfer rate, for is larger for the unperturbed acceptor subsystem than for the
instance Wpa~2x10" s™!, nam. Wil be only perturbed ones, although at highandA concentrations the

0.485D(0), butta ma=67.5 1S and the decay portion is Situation might be reversed.
still determined by the acceptor intrinsic deexcitation. If the

transfer is very slowWp,~10% s~ 1, the peak instantaneous lil. EMISSION OF °H, Tm3* IN Cr 3*

acceptor  excitation is  low, npma=0.06%p(0), OR Fe®*-SENSITIZED GARNETS

ta max= 201 us and the decay portion of,(t) is determined

by the deexcitation of the donor systefimtrinsic and by The considerations of the previous sections can be illus-
energy transfer trated for CP* or Fe**-sensitized®H, emission of Tni*

When using these conclusions, the relative concentrations garnets. Tmi* is an important 2um laser emitter from
of the various donor subsystems must be taken into accourthe 3F , level which is populated froniH, by a cross relax-
The first term of Eq.(17) describes the excitation of the ation CH,,%Hg)— (°F,,3F,); this imposes high concentra-
perturbed acceptohy by fast energy transfer from its com- tions up to about 5-6 at. %. The low Trh absorption in the
panionDy; due to the very high transfer rates in the per-spectral ranges of the existing strong pumping sources pre-
turbedD-A pairs the peak instantaneous excitationAgfis ~ cludes a high laser efficiency for the systems doped only
high despite the usually low concentration of the perturbedvith Tm3*. However, an efficient sensitization of these sys-
donor subsystenDy; at largeD and A concentrations it tems was obtained by codoping the garnet crystals with
could overpass that of the unperturbed acceptor subsyste@r®* (which transfers the energy to thé&F, and 3F,
A,. The second term dfL7) describes the excitation due to Tm3" levelg®~813-15 or with Fe*" in tetrahedral sites,
the slow transfer from distant perturbed centers; although thevhich transfer the energy toH, directly®!® The high
transfer is slow and thus determines a very low amplitude ofm®* content determines large concentrations for the per-
excitation, due to fast deexcitation of these perturbed donaurbed donor subsystems.
centers by transfer to their near companions, the tifyg,, For this investigation we used Czochralski grown crystals
for this term is short, similar to that of the first term. The of yttrium aluminum garnetYAG) or gadolinium gallium
third term, which describes the transfer from the unperturbedarnet(GGG) activated with Tni* (up to 5 at. % and sen-
donor subsystem, leads to a slow excitation of low amplitudesitized with CF* (up to 1 at. % or Fe** (up to 5 at. %.
which is, in a given degree, compensated by the high conthe donor(Cr3* or Fe**) and acceptorH, Tm3") emis-
centration of this donor subsystem. The global emission ofion was measured from 4.2 to 300 K under excitation with
each perturbed acceptor subsystem under nonselective purtiie  second harmonic of YAG:Nd532 nm) or with
in the donor system consists of a sharp increase to a higéixcimer—or YAG:Nd—pumped dye lasers and the emission
instantaneous value, followed by a decay described by thevas analyzed by using high-resolution monochromators and
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processed either by using boxcar or photon counting techguadrupole-quadrupole as suggested in Ref.f@5the near
niques. Since for YAG the spectral resolution is better, thefm-Tm pairs; at high concentrations, this interaction could
main discussion of the results will be concentrated on thiglominate the entire decay.

crystal.

B. Tm3* emission in Cr3* sensitized garnets

. . . i " .
A. Spectroscopic properties of single-doped Tri" garnets cr3t occupy only the octahedrah sites of garnets.

The spectroscopic properties of P ions in garnets Codoping of the garnet crystals with Th and CP* deter-
have been investigated in the last few years to obtain correchines the apparition of new satellites in the $moptical
energy-level diagram for prevailing centéds Tm3* innon-  spectré®In YAG:Tm?3*,Cr3* three such new satellites are
perturbed dodecahedral sites of D, point symmetry®~'8  observed in theH, Tm3* level: C, at 793.42 nmC, at
For Tm®** in D, symmetry the dipole transitions between 793.24 nm andC, at 793.06 nm, while the nonperturbed
crystal-field components labeled by identical representationsenterN is at 793.35 nni.By similarity with P centers, these
are forbidden and the corresponding lines are missing frommew satellites have been assigned to three different perturba-
the optical spectra. In all symmetries lower tHagp the for-  tions produced by Gr"(a) ions from the first coordination
biddeness of thd";(J')—T';(J") transitions is raised. Be- sphere at the site occupied by Tr*. However, the possi-
sidesN centers, the Ti" spectra contain a rich structure of bility of connecting these satellites with the perturbing effect
satellites. Up to six satellites, whose intensity with respect t@f Cr* ions in the first, second, and third coordination
that of the main centel does not change with Tii con-  spheres around TAT might be also taken into account. The
centration, have been observed in YAGyut only three in ~ SPectra of center€,; and C, are similar to that of center
GGG. These satellites could be connected with the presend® €xcepting the shifts of the lines, while the satelllg
of lattice defects in the vicinity of the TAT ion, most prob-  Corresponds to a stronger perturbation, manifested by a
ably the nonstoichiometric excess of*Y ions in YAG larger energy shift Qnd the apparlthn of additional lines cor-
(about 1.7—2 %or GA®* in GGG (about 7% which substi- respondslng to tragsmons fortydden in tbg symmetry, such
tute the much smaller A ions, respectively, G¥ in oc- &3 the "Hy(1)-"He(2) emission line between twd'y

tahedrala sites?’ From symmetry considerations, up to three states. The transition probabilities for all other lines of this

. ; center could be also modified, with a possible change of the
different such perturbations could be produced by a) or radiative lifetime for CF* and Tn™. Tlile satellites’:-gare
Gd®*(a) defect centers from the first coordination sphere, !

N well resolved in the T/* emission at low temperatures, but
and another three from the second spffeae the Tn#* ¢ iy increasing temperature the lines broaden and the reso-
site. Such satellites, traditionally labeled By have been ,tion is gradually lost: at 77 K the satelli®; could be still
obgerved in many rare-earthsoptlcal spectra as, for instanGg@solved, buC, andC, lines overlap withN. We note also
Er’" (Refs. 20 and 21or Nd®" (Refs. 20, 22, and 23n  that the Tnd* lines in YAG:Cr,Tm are broader than in
YAG, Er®" (Ref. 20 or Pr** (Ref. 24 in GGG. The three  single-doped crystals, due probably to an inhomogeneous
possible perturbations due to &¥(a) defect center in the proadening produced by perturbations of distant Cions.
first coordination sphere are not equal in strength and sigrNo satellites due to TAi" codoping were observed in the
For the most perturbed centBrof Tm3* in YAG, the op-  Cr3* spectra, even in the narroR lines.
tical spectra are richer than for the nonperturbpédenter, The Tm®" emission in the codoped YAG:Cr,Tm crystals
showing that a sizable lowering of the crystal-field symmetrycan be excited by energy transfer from®Crby pump in the
takes place. No satellites could be unambiguously assignearoad *T, or “T, bands or in the narrowR; andR, lines.
to Tm®* pairs in YAG or GGG, although the optical spectra Depending on Ct" and Tn?* concentration, pump wave-
of large rare-earth ions such as Nd(Refs. 20, 22, and 33 length, and moment of registration after the exciting pulse,
in YAG or Pr3* (Ref. 24 in GGG show the presence of the Cr* sensitized Tm* emission could be dominated, at
satellites due to ion pairs; this can be explained by the wealow temperatures, by these three new satelfit€sgure 1
lattice distortion introduced by doping with TH. shows part of the’H, Tm3* emission of a YAG:Cr(0.2

The emission decay of thdH, Tm3* level after short at. %9 Tm (3.1 at. % sample under pumping in the &r
pulse pumping in®F; is complex and depends on P R, line at 4.2 K with a wavelength which, for a registration
concentration and on temperature. At very low ¥mcon-  delay of 2 us, leads to a similar intensity emission for the
centrations this decay is exponential with a lifetime of 560three C; Tm3* satellites; the transitior’H,(1)—3Hg(2)
us, over the entire range of temperatures from 4.2 to 300 Kfor C; is also shown. The 532 nm nonselective pumping at
With increasing Tni* concentration, the decay becomes4.2 K in the *T, band leads to the emission of the three
nonexponential. The processes of concentration quenching eenters: the emission of centeris weak at early times but it
this level emission, important in feedintF, 2 um meta- gains importance at long times after excitation. The excita-
stable laser level are not completely understood. Besides th®n spectra of theC; Tm3* centers in the region of Cf
direct energy transfer by cross relaxation the migration mighR lines show clearly that the peaks of excitation for these
contribute to emission decay. The ion-ion interaction responsatellites are different and they do not coincide with the non-
sible for transfer at low activator concentrationg to 2—3  perturbedR lines. By tuning finely the wavelength of exci-
at. % is dipolar for the distant Tm-Tm pairs, as suggested bytation inside theR lines, the ratios of emission intensities of
thet'? dependence of decay at long times, but the faster drothe C; Tm3* centers could be drastically changed. The pres-
at early times indicates a short-range interactiprobably  ence of these three ne@; satellites in Tn?" spectra gives
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A1) =—"H(2) FIG. 2. ®H, normalized luminescence decay®f Tm3* center
G in YAG:Cr,Tm at 77 K under 532 nm excitatiofa) 3.1 at. % Tm;
(b) 4.25 at. % Tmj(c) 6 at. % Tm.

K, shown in Fig. 2 for three samples of various ¥mcon-
centrations, is similar to that obtained with selective pump-
ing in 3F; Tm3*.

The CP"-Tm3" energy transfer in case of the less-
perturbed center€; and C, is much slower: at 4.2 K the
transfer rate is of several hundreds to thousands of s

FIG. 1. Part of thé®H ,—®Hs Tm3* emission of a YAG: O(0.2 (functiqn on _'I'm”+ co_ncgntratioh+much smaller than the
at.%, Tm(3.1 at. % under quasiselective pumping in tHe, rate of |ntr_|ns_|c deexcitation of Tﬁw . For these centers,-the
Cré* Jine. Tm3* emission under pump in €t shows a slow rise

(tamax for C; in the sample of 3.1 at. % TA is of about
grounds to divide the systems of activat6fn®*) and sen- 150 15), determined by the TR intrinsic deexcitation, fol-
sitizer (Cr®*) into four subsystemsQ;,C,,Cs,N). lowed by a slower decay determined by the3GiTm3*

Under selective excitation in théF, or 3F5 Tm3* lev-  transfer. The low transfer rate for these centers is evident
els, the®H, emission decay in YAG: Cr, Tm is similar for also from the C?* emission decay whose long-time behav-
all these centersQ; andN), however, under quasiselective jor indicates that for the more distant €=Tm?3" pairs the
dye pump in the Ct* R lines or under nonselective excita- transfer is even slower. Figure 3 presents the normalized
tion of Cr¥" at 532 nm, the luminescence decays show®H, emission decay of the Tm3* center at 77 K for three
marked differences. The THi Cj center emission starts al- Tm3* concentrations. These very large differences in the
most immediately after pumping in €F, regardless of tem- transfer rates for the resolved, Tm3" centers influence
perature and Tri* concentration, while that of; andC,  also the value of the peak instantaneous transfer excited
shows an obvious risetime dependent on these factors. Thg&pulation,n .y, Which is much larger for the cent&,
for the sample YAG: C(0.2 at. %, Tm (3.1 at. % the rise-  than forC, andC,. Together with a possible enhancement
time for C; at 77 K is of about 0.2us, which indicates a of the emission transition probability for this center, due to
transfer rate inside the corresponding®CiTm3®* pairs of  the strong static perturbation, this could give a false picture
the order of 2.% 10’ s™1. Such a fast transfer leads to a
drastic shortening of the Gt emission decay for these

1 | L | 1 l 1
793 794 795

Alnm)

pairs: a very short emission drop of less than 100 ns was in ™[ Gt Tm
fact observed at the beginning of €r emission decay at 2
300 K in garnets codoped by &€f and Tnt" or Er®*.26 os

Since the global deexcitation of & in this case is much

faster than that of Tri", the decay portion of the temporal 06 b

evolution of C; Tm®* emission excitation in Gr" is deter-
mined by Tn?* deexcitation processes. The emission de-
cays of Tn?* C; under selective pump iffF; Tm3" and
quasiselective pump iR, Cré* are similar. Under nonselec-
tive pump at 532 nm, the temporal evolution of ¥mMCy oz
emission becomes more complex since this acceptor sub-
system is also excited by distant transfer from the other do- ol e

I,

04 [~

nor subsystems including the nonperturbed subsydiem ’ g N Hse i z *
The effect of this slow transfer is observed in the ¥m
C; decay at 4.2 K as a bump in the 200—-308 range; FIG. 3. ®H, normalized luminescence decay ®f, main

however the beginning of decay after pump at 532 nm at 77m** center in YAG:Cr,Tm in the same conditions as in Fig. 1.
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of correlatedlenhancepiplacement of C#* and Tnt" ions

for this center, especially when the emission spectrum is reg-
istered at early timeén the region oft s max for C3). How-
ever, the differences in the normalized total number of ex-
cited acceptorsi, i for all these three perturbed centers are
not so large.

The small shift of linesC,; andC, from line N together
with the larger CF*-Tm3* transfer rates for the former
makes the observation dfi emission under excitation in
Cr3* very difficult at low temperatures. Due to the loss of
resolution, at high temperatures an emission with rise time
strongly dependent on temperature and on®*Traoncentra-
tion collectsC,, C,, and N contributions. For the YAG
sample with Cr(0.1 at. %, Tm (3.1 at. %, ta naxiS Of about Hy = H2)
7.5 us at 77 K and drops to gs at 300 K. This shortening £
could be connected with a strong increase of the energy N
transfer with temperatur@specially between 4.2 and 773.K
The transfer rates fo€; andC, increase from~10° s~ ! at
42 Kto2x10° s tat 77 Kand 1.5 10° s~ ! at 300 K for
the sample referred above. These values are characteristic for /

H 0 —=Hy1)
5

wn

<n

multipolar interactions between ions and the strong tempera-
ture dependence is due to the decrease of" Antrinsic
lifetime and to the enhancement of the superposition integral
of donor emission and acceptor absorption. However, in the
case ofCs the very high transfer rate over the entire tem-
perature range suggests that the Cr-Tm interaction respon- X . . l . l ]
sible for transfer is a superexchange. 792 793 794 795 796 797 798

Despite the drastic temperature enhancement of the Aom)
Cr3*-Tm3" transfer rate foC; andC, (andN) centers, in
most of the temperature range it still remains smaller than g, 4. part of the®H,—3H, Tm3* emission of a YAG: F&
the intrinsic rate of TmM" deexcitation and thus it continues at. 9%, Tm(1 at. % at about Susec after excitation in Fe& (d).
to determine the decay portion of temporal evolution of sen-
sitized emission. However, for each Crand Tn?* con-  *Ha(1)—>He(2) in D, are also observed, showing a strong
centration, a specific temperature where these two processe®ystal-field perturbation. Figure 4 shows part of the
interchange their role could be defined. The enhancement &f€’* -sensitized*H, Tm*" emission spectrum in a YAG
Na max @nd the reduction of, ,,a, With temperature as a con- sample containing F¢l at. % in melt and Tm(1 at. %,
sequence of the acceleration of the transfer makes the terfegistered at about ws after pumping. The lines corre-
poral behavior of the sensitized emission resemble graduallgponding to forbidden transitior® Dy) *H4(1)—H(2)
the behavior under pump in TH, especially at high dopant for F; andF, are also observed. The emission spectrum for
concentrations. samples of different F& and Tn?* concentrations are

In case of CF*-sensitized emission of TR in GGG  similar, but the relative intensities of satellite emission with
where the spectral lines are broader than in YAG, only ongespect to the linéd changes. Symmetry and structure argu-
new Tm®* center was observedmost probably it corre- ments suggest that these centers might be connected with the
sponds to the strongly perturbed cen®y in YAG. An at-  perturbing effect of F&" situated in the first, second, and
tempt to explain the behavior of &F and Tm?* emission  third d-coordination spheres, on the P dodecahedrat
for these centers by taking into account various ion-ion insite. Unlike CP*, the perturbing effect of Tri" ions is
teractions points out that thieq and superexchange interac- observed in the F&" spectra too by the presence of a satel-
tion could account for the high rate of transfer. lite line in 4T,(*D) absorption, the correspondent of the
F, Tm3" center. The observation of the three nEwsatel-
lites in Tm3* emission justifies again the division of P
and FE™ ion systems into four subsystems.

Unlike Cr®* which enters only in octahedral sites of For both systems YAG:Cr,Tm, and YAG:Fe,Tm the exci-
garnets, F&" could occupy the tetrahedrdl sites too. An  tation spectra in the Ti levels of the perturbed centers
efficient energy transfer fromT,(*G) (first excited level  show clear differences from the unperturbed cehteespe-
Fe®*(d) to the H, Tm>" level was reported recenty’for  cially for the most perturbed cente3; and F,, respec-
YAG and GGG. The Tm* emission excited by F& (d) tively. Thus the superposition integral between sensitizer
shows three Tm" satelites F; in the Tm®"  emission(Cr or F@ and activator absorptior’F, and 3Fj
3H4(1)—3Hg(1) emission in both crystals. In YAG their Tm®3* levels for the first system andH, for the secong
position is at 794.71, 793.98, and 793.07 nm, respectivelyshow specific differences for each subsystem, leading to in-
(N is at 793.35 nm For the most shifted centefs; and  dividual values of the energy-transfer microparame€exs,

F,, lines corresponding to the forbidden transitionfor various ion-ion interactions.

C. Fe®* sensitization of Tm®** emission in garnets
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c YAG: Fe(1 at. %9, Tm(5 at. %9 under 532 nm
02 - : excitation.
00 I~
| 1 1 ' | I 1 l
0 5 10 15 20
Hus)

Since the shifts of th&; satellites are larger than those of neous subsystems connected to spebifid pairs whose ef-
the C,; satellites described above, the dynamical behavior ofect is resolved in a given experiment, a special subsystem
these centers could be followed with a higher accuracy. Théeing composed from ions whose perturbation is not re-
Fe3*(d)-sensitized emission of all these centers insolved(“isolated ions”). These subsystems are also person-
YAG:Fe,Tm shows rise timédependent on concentratipn alized as concerns the energy transfer by a selective mani-
but while for the perturbed centers nax iS Vvery short festation of the interactions responsible for transfer.
(F1~0.02 us, F,~0.04 us, F3~0.8 us for 5 at. % Tn?¥™* In laser crystals without correlation, the statistics of a dis-
at 77 K), for centerN it is about 4us for 5 at. % and 155 crete random and equiprobable occupancy of the sites enable
us for 1 at. % Tm, see Fig. 5. This suggests large differencethe calculation of the probability of occurrence of each sub-
between the corresponding FeTm3" transfer rates; mani- System for givenD and A concentrations. A rate equation
fested also in the value @i, .. The rise portion of the modeling which accounts for the energy transfer via a trans-
emission evolution is determined by ¥ d) deexcitation in  fer function calculated for this model of discrete substitution
case of the perturbed centers and by3T*ndeexcitation for enables the calculation of the temporal evolution of the ex-
the N center. The temporal evolution indicates a strong decited populations for each of the donor and acceptor sub-
pendence of the transfer rate on concentration and temperaystems.
ture. For the strongly perturbed centey and possibly for This model was tested for the case of YAG:¥msensi-
F, the energy transfer is most probably dominated by supettized with Cr** (in octahedral sitgsor Fe** (in tetrahedral
exchange, forF, the high-order multipolar interactions Sites and a good description of the emissidH 4 temporal
might be important, while for distant Bé-Tm3" pairs the behavior after excitation in the donor systems was obtained
coupling is dipolar. A correlation with the spectroscopic datafor all the resolved subsystems. This modeling shows that
shows that the main reason for the temperature dependenti€ large differences in energy-transfer processes for each of
of the transfer microparameter is the modification of the suthese systems determine the variety in their emission tempo-
perposition integrals. Due to a larger linewidth and to aral evolution. This study shows that the activator emission in
poorer resolution, the data on GGG:Fe,Tm are less accuraf€nsitized laser crystals could present large differences from
than for YAG; they, however, confirm the general conclu-€mission in the absence of the sensitizer. This conclusion

sion of the investigation of the latter. could be important for the modeling of laser processes espe-
cially for those which use laser-pulsed excitation. Such pro-
IV. CONCLUSION cesses could be general for sensitized crystals and they could

change completely the emission characteristics especially at

The present investigation demonstrates the essential cohigh dopant concentrations; such a case can be considered in
nection between the mutual static crystal-field perturbation&SGG:Nd,Cr (GSGG is gadolinium scandium gallium
produced by the sensitizer and activator ions at each othergarne},!! where the main emission wavelength is shifted to a
site and their dynamical behavior. Due to the discrete naturperturbed subsystem for a ratio between the sensitizer and
of these perturbations, as a result of the discrete placement attivator concentrations of 8:1. Unfortunately, many spectro-
these ions in the lattice sites, the systems of sensiti2@r ( scopic studies on the laser crystals neglect completely these
and activator A) ions become inhomogeneous: howeveraspects and this reduces considerably the data for an accurate
they could be considered as composed of several homogeiodeling of the emission processes.
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