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Microscopic and macroscopic parameters of energy transfer between T#i ions
in fluoroindogallate glasses
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In this work a rate equations formalism is used to study the kinetics oftheand °F, levels of Tn?" ions
in fluoroindogallate glasses. Emphasis is given to the determination of the microscopic and macroscopic
parameters of the energy transfer proces$ts *Hg— 3F,,°F, and 3H,,3Hg— 3Hg,%H,. The 1& time of the
3H, level in function of Tni* concentration was simulated by using the macroscopic energy transfer rates
obtained with the microparameters of energy transfer up to the quadrupole-quadrupole order of interaction. It
was found that the quadrupole-quadrupole coupling dominates the mentioned energy transfer processes in such
way that a reduction of about 22% in the estimation of tRglevel steady state population is observed if only
the dipole-dipole coupling is taken into account.
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. INTRODUCTION tion of the higher-order interactions in the 3'b—Nd** en-
ergy transfer by means of Monte Carlo simulation. It was

Energy transfer between rare-earth ions has been a topfgund that the dipole-quadrupole interaction is the best one
of interest in the study of solid-state lasers. Particularly, theo describe the decay curves of the 3Tb'D, level.
optical properties of Trh" ions have been studied in a vari- Tkachuck®2® have studied the higher order interactions in
ety of crystalline hosts, solutions, and glass matric@8e  Tm3* doped yttrium lithium fluoride(YLF) crystals and
Tm*" based laser at approximately 1800 niF4—*Hs  concluded that the macroscopic rates must include the
electronic transition is attractive for medical and lidar dipole-quadrupole and quadrupole-quadrupole interactions in
applications>® In addition, the TM™ has a strong absorption order to fully describe théH, decay.
band around 800 nm which matches the AlGaAs semicon- |n a recent papé? the energy transfer microparameters
ductor lasers wavelength. In order to achieve an optimizegor the processes °H,,°Hg—3F,;,°F, and 3H,,°Hs
solid state device at 1800 nm it is necessary to know in detail,3H, 3H, for dipole-dipole, dipole-quadrupole, and
the fluorescence properties of the ¥mion in the host ma-  quadrupole-quadrupole coupling were calculated by means
terial. Characteristics such as emission cross-section angt the Dextet® and Kushidd’ models. In this work, a rate
pumping efficiency are crucial to determine the feasibility ofequations formalism is used to describe the kinetic behavior
the laser system. of the 3H, and °F, levels. The already obtained microparam-

It is well known that the pumping mechanism of tAE;  eters are used to determine the average macroparameters of
level is the cross-relaxatioAH,,*Hs—%F,,%F, (ion 1, ion  energy transfer that are related to the rate equations. The
2—ion 1, ion 2 which results in two Tii" ions excited at  proceedings outlined here were previously used to treat up-
the upper laser level by one pump photon. The energy miconversion photoluminescence between 3Ndions in
gration *H,,*Hg—°Hg,°H, enhances the cross-relaxation ZBLAN glasses, YLF and YAG crystals, and also3Crin-
probability as it spreads the excitation energy into the hosteractions in LiSrCa’~?® In these previous works the
material. In this sense, these energy transfer probabilities anglpole-dipole coupling was the only active mechanism of
efficiencies are features directly related to the pump effienergy transfer. On the other hand, for Tm:Tm interactions
ciency. The energy transfer processes occurs between rafge have to obtain the expressions for the macroparameters in
earth ions mediated mainly by multipolar interactions. It is athe high-order multipole couplings.
common practice to attribute the dipole-dipole type interac-
tion to treat the energy transfer among impurities diluted in a

s_olid mediu+m. Mé)ft.of the papers thaf[ have studied tr_le men- Il. EXPERIMENTAL SETUP
tioned Tn?¥™:Tm®* interactions consider only the dipole-
dipole coupling to describe the energy tranéférHowever, The used set of samples has the following nominal molar

high-order-energy transfer mechanisms, such as dipolesomposition: 30Pbf-15InF;-20Gak-15ZnF,-(20-X) Cak-
quadrupole or quadrupole-quadrupole may be important ilXTmF;, with X=0.1, 0.5, 1.0, 2.0, 4.0, 6.0, and 7.0,
rare-earth doped samples if the electronic transitions inhenceforth namedTm. The Tni* concentrations were
volved in the energy transfer processes are electric quadrumeasured by energy dispersive x-ray analysis with a digital
pole permitted and the interagent ions are close endti§h. microscope and the Link Analyticapx2000 software. The
This is so because as the electric dipole transitions are paritpeasured concentrations range from (1®8)x 10°° up to
forbidden in rare-earth ions, the electric quadrupole transi{15.0+0.8)x10?°° cm 3. The refractive index of the
tions can compete with electric dipole ones in the energyamples for the Sodium D line is 1.570. Optical absorption
transfer. Tonooka and co-workétsestimated the contribu- experiments in the ultraviolet-visible-near infrared range
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FIG. 1. (a) Energy levels diagram of the Ti ions in fluoroin- 0.0 3.0 6.0 9.0 12.0 15.0
dogallate glasses. Tm* Concentration (10°°cm™)

d . Perkin-El Lambda 900 h FIG. 2. 1k time of the *H, level in function of Tm concentra-
were aone using a Ferkin-eimer Lambaa spectrop %ion (solid squaresand simulations of the effectivéH, level life-

tometer. Photoluminescence in the near |nfr_ared rd_ﬁgm time with all the multipole couplings in the hopping modsblid

800 to 2000 nmwas performed using a Ti:sapphire laserjine) The dotted, dash-dotted, and dash-dotted-dotted lines are
operating at 778 nm to excite the Tmions to the*Hy  simulations and with only dipole-dipole, dipole-quadrupole, and
|eVe|. ThlS WaVeIength was Chosen to permit a resonant me@'uadrup0|e_quadrupo|e Coup”ngs’ respective|y, in the hoppmg
surement of the luminescent signal. After being dispersed byhodel. The dashed line is a simulation with all the multipole cou-
a 0.25 m Czerny-Turner monochromator, the signal was deplings in the diffusion model.

tected by an InAs photodetector, amplified by a Lock-in, and
recorded by the computer. For the lifetime measurements of

dn

the 3H, and °F, levels, the pump source was a homemade d_t0= —Rng— Wgrnong+ nyWaog+ Ny Wi,
dye laser(dye LDS 698 at 680 nm pumped by a Nd:YAG
laser at 532 nm. The signal was acquired by a photomulti- q
plier tube RCA 31034for the 800 nm signalor an InAs am _
detector(for the 2000 nm signaland recorded at a digital dt 2Werh2No+NaWor =i Wi, @)
oscilloscope Tektronix TDS 380.

I Rne—w Wig— N, W.

—= - n,Ng—nN -n ,

. RESULTS dt Mo eTN2No— N2Woo— NaWpy

Figure 1 shows the energy levels diagram obtained fronwhere ny, n;, andn, are the ®Hg, 3F,, and °H, levels,
the absorption spectra of the #fm in fluoroindogallate respectivelyW;; is the transition rate from levelto levelj,
glasses. The cross relaxati®@R) (3H,,3Hs—>F4,%F;) and  Wgy is the energy transfer parameter given intsnandR
the energy migrationEM) into the 3H, level ®H;,°Hg = ol/hv is the pumping rate, where is the absorption cross
—3Hg,%H,) are also indicated. In Fig. 2 is represented thesection at the pumping energi#) and! is the intensity of
1/e time of the ®H, Tm** level as a function of concentra- the pump light. These coupled rate equations can be easily
tion. Such time constant is defined &%(7,)=®(0)/e, solved considering a low excitation density, in this cagés
where®(t) is the luminescent signal arbl(0) corresponds constant and can be approximated by the total concentration
to its intensity at time zero. As theelfime varies 3 orders of n,. In this case, we have for the level (°*H,) the following
magnitude with TmM" concentration, the results are pre- equation:
sented in a log scale in order to obtain a better visualization.

As Tm®" concentration increases, the decay curves become dn, 1 n,

faster apd nonexponential characterizing the queqching Want—n2 —; TWerh | =Rn— —, (2)
mechanism produced by the cross relaxation. The solid and Ty Toff

dotted lines in the figure are simulations of the lime as .

will be discussed later. where (rp?) ~'=W,+W,=70s"1+470 " is the inverse

of the 3H, lifetime in the absence of energy transféow
concentrated samplend 7-2% is called the effective lifetime
of the 3H, and is given by

Arate equations formalism was used to evaluate the effect

IV. DISCUSSIONS

of the energy transfer in the dtime of the 3H, level of 1+WETntng
Tm®*. Based on the energy levels of Figal, the following (7'2%)’1:—“2 3
rate equations can be written: To
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The expressions fam,(t) andn,(«) are obtained by in- TABLE I. W&) parameters obtained for the diffusion limited and
tegrating Eq.(2) for a pump pulse and a steady state pump-hopping modelny is the donor concentration.
ing, respectively, with the results

Diffusion model Hopping model
_t/ 2
nA0=ny 0 er and ny(=)=Rivrgh (4w 2CI)MCE N, 13(CEHCEY g
_ _ : WEl  3L(CEDMACERINGS 21(CEL) X Chh)Pg®
It is worth noting that the above rate equations treatmen{, qq 57(CY%)Y8(CY9,) "on7 42(C99)¥19C99,) 713

is an approximation and the obtained decay constants repre=-_
sent an average of theelflecay. The effective lifetime is a
function of the TM™ concentration ;) and of the energy
transfer parameterWey), which can be calculated on the
basis of the microscopic parameters of energy tranéfer?’
The expression fowgr will depend on the energy migration
regime (diffusion limited energy transfét or hopping

=R{/7;, where R, is the critical distance at which the
donor-acceptor interaction is equal to the spontaneous decay
rate (1f). The energy transfer rate is equal to the number of
acceptors that falls into this strong interaction sphere per unit

time:
modef®) and on the multipole order of the interaction. Fol- I
lowing the same procedure outlined in Ref. 29 for the dipole- 4 1
: dy - - (5_"T 3 WS
dipole energy transfer rate/\@T) in the hopping and diffu- P =?cha7—0= eTNas (7)

sion models, theWg! and WEY parameters can also be
obtained. This is done by using the Inokuti-Hirayafhand ~ wheren, is the acceptor concentration.
Martin®! expressions for the donor decay curve in the static In the diffusion limited regime, the expression for the en-
and diffusion assisted regimes, respectively. ergy transfer rate is obtained by makirg>< in the expres-

In the hopping model, the excitation energy jumps amongsion for the donor decdy
the donors until a donor-acceptor interaction or a nonradia-

tive decay occurs. In this case, the donor luminescence is t  4n 3
described by q)(t)=d>(0)exr{————nal“(l——)
To 3 S
1 (t , Cay/(e
q)(t):p(s)(t)e_t/Tj—i- _f (I)(t_t/)p(s)(tl)e—t /rjdt/, " C(s)t as 1+ax+ a2x2 (s—3)/(s—2) ®
iJo (Ca2t) 1+byx ’

(5

wheres indicates the multipole order of interaction and can

; ; ; , &y, and b; depend on the multipole order of the
be 6, 8, or 10 for dipole-dipole, dipole-quadrupole, or&1i, 8z, and by a ol Ie
quadrupole-quadrupole, respectivelyr, is the jump interactiot* and the diffusion constant is given by

time and p(3(t) =exii ~tr-nam3(1-36) (CEl?]  —[V(2s—100)(4m/* A 2ECy . In this case, we
= ex{ —t/7,—(A®)35t35], n, is the donor concentration, and have that
Cff_)d is the microparameter of energy transfer between the

where x=D®(C{)) ~25t*25, the values of the constants

donors that depends on the multipole order. This function can B t 4w 3
be written as @ (1)=2(0)ex _T_o_?”ar 1-3
o apx| (5=3/6-2)
pO(t)= fo e Vo (wW)dw, (6) x(cg?;t)?”S(b—) } 9
1

where ®(W)dW= (A/4m) YAV~ %" A*Wdw is a normal- The above equation can be simplified to take the form
ized function which gives the probability that the transfer
rate will be betweenW and W+dW. The jump time 7 t ©
=A/6 is given by the maximum oP(W). A critical radius O(t)=D(0)exp — T_O_WETnat : (10

R. where the donor-acceptor interaction is equal to the
donor-donor interaction can be defined suctP§&=RS/7,  Table | lists the expressions foWS) in the two models. It

TABLE Il. Microparameters of energy transfer obtained by Dextipole-dipole and Kushidadipole-
quadrupole and quadrupole-quadrupoteodels for the donor-acceptofH,,*Hs—°F,,%F,) and donor-
donor GH,,3Hs—%Hg,%H,) interactions as obtained in Ref. 17. The errors could be included in the dipole-
dipole and dipole-quadrupole terms because the real concentrations were measured by EDX in this work. The
calculation of the quadrupole-quadrupole term does not depend on concentration and its error could not be
estimated.

c4d(cmP/s) cqd(cmP/s) c4d(cmP/s) cid(cmPis)  CY%(cmt¥s) C3%(cm'%s)

(2+0.2)x1074°  (6x1)x10 4 (55+0.5)x10 % (22+2)x10 % 12x10 8 87x 10 68
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TABLE lll. Macroscopic parameters of energy transfer obtained by replacing the microparameters listed
Table Il into the expressions of Table | for the hopping and diffusion modg|sis the Tn?* concentration.

d
we W wey

Hopping model  (3.8-5.0x10 % cmfs !ny, (2.5-3.0x10°% cmPs *n33 2x10°% cm©®s *ni?
Diffusion model  (11-19x10 *cm®s *ny,  (5.0-6.0x107%2 cmPs nS3  4x10°% cm'©s i

must be noted that the concentration dependence is alwaysodel. It can be seen that the agreement is lost in this situ-
stronger in the high-order mechanisms. ation as an evidence of the inadequacy of the diffusion model
In a recent papéf the energy transfer microparametersto describe the system.
for the cross relaxation and the energy migration represented Table IV shows a comparison among the microparameters
in Fig. 1 were calculated by Dextérand Kushid&® models.  found in Refs. 13 and 16 and in Ref. 17 for the ¥mTm?3*
It was shown that even though the Maffirexpression for  interactions in the infrared region. In these works, Défter
dipole-quadrupole interaction could fit the decay curves ofng Kushid&® models were used to calculate the energy
the 3'_"4 level (Fig. 4 of Ref. 17, the adjusted expression did yansfer microparameters. As the energy transfer micropa-
not yield rr:jeanmgfucli values for the energy transfer micropayymeters depend on the overlap integral and on the intensities
rametersCy?, and Cy’y because they were not found to be of the absorption and emission cross sections of the involved
constant as concentration changed. The conclusion was thgfectronic transitions, one can try to correlate the micropa-
the Tm:Tm interactions in fluoroindogallate glass should be. 1 oters found in the two hosts with the aspect of inhomo-
described by a cor_nbmano_n 9f all th_e mglnpole Cpu.plmgsgeneous broadening that is stronger in glasses than in crys-
and also that the diffusion limited regime is not valid in the ls. For example theg@a is higher in the alass than in the
system. The microscopic parameters of energy transfer f t?LF crystal anF:j fhis can be %ue o the %roadening of the

the CR and EM processes were calculated and are listed | N .

Table I1, as theC) microparameters are larger than B} It;ang; profiles in glasses that provides a larger spectral over-
o . . . ' p if the energy transfer is nonresonant, as is the case. On

the condition for applying the hopping model is fulflléd. the other hand, the & is lower in the glass, which denotes

In thi n h rameter in E m m . i T )

over talls fr?e Ss;lttarg{/gtr%isafereti?lteracgg:r?s irljsthb: aHzl:)pingthe compromise between overlap and intensity of the in-

modelWe-— W39+ W9+ WA The calculatedVe param- volved bands. In case of a resonant process the intensity is
BT TUET TTET S TET: et P crucial for a high-energy transfer parameter. TH Gind

eters are listed in Table Il and were used to smul@fg{Eq. Cqd microparameters are greater in the YLF crystal than in

(4)]. Such simulation is represented as a solid Iin)e in Fig. Zhe fluoroindogallate glass, this can be due to a higher inten-
and was carried out using the mean valuesvdf] Wer sity of the quadrupole transition in the crystal. Armagan

=4.4x10 N7, cmPst+2.8x10 %% cnfs'+2.0  etal’ have applied the Dexter model to calculate the
x10"%n73 cm'®s™*. The good agreement between the cal-3H,,3H,—3F,,°F, cross-relaxation microparameter in
culatedrgfzf and the experimental d/time corroborates our Tm®" doped yttrium aluminum garndiYAG) crystal. The
previous assumption that the high-order interactions domienergy transfer microparameter was found to lﬁé_\:€27
nate the Tm:Tm energy transfer. It was verified that the simux 10~ 4% cmf/s, which is larger than the corresponding val-
lated curve is not so much sensitive to tél% and W29  ues obtained for the YLF and fluoroindogallate glass. Such
parameters, but it is strongly dependentwf. The dotted, difference can be attributed to the larger phonon energy of
dash-dotted, and dash-dotted-dotted lines are simulatiori§e YAG crystal as compared to YLF and fluoroindogallate
considering only dipole-dipole, dipole-quadrupole, anddlass which favors the nonresonattt,,*Hg— °F,,F, en-
quadrupole-quadrupole interactions, respectively. It can bergy transfer.

noted that the quadrupole-quadrupole mechanism best de- Xueyuan and Zundi calculated the £, microparameter
scribes the ¥ time of the 3H, level which means that it is for the same cross-relaxation in #mdoped yttrium ortho-
the most important mechanism of energy transfer. Thevanadate crystal (YVE) by means of Dexter model and
dashed line in Fig. 2 represents the simulation of ey~ found C4~10x10"%° cm®/s. On the other hand,
effective lifetime using all the multipole coupling mecha- Bettinelli® and co-workers used the Inokuti-Hirayama ex-
nisms and theWg; parameter obtained via the diffusion pression in the dipole-dipole approximation to fit the decay

TABLE IV. Comparison between the energy transfer microparameters found in YLF crystal with the ones
obtained in the Fluoroindogallate glagsG).

cye c4 cyarad cyg;ad cy9, cd4, Refs.
x 100 cmb/s x10%° cmf/s X 10°* cmP/s x10°* cmfls x10°8 cm'¥s x10°® cm'Ys

YLF 0.94 17.3 9.4 66.5 42 476 13,16
FG 2.0 6.0 6.4 24 12 87 17
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FIG. 3. Temporal behavior of théF, level luminescence for the 1/ IS

(@ 1 Tm and(b) 4 Tm samplegopen circles The solid lines are
the solutions of Eq(11) using theWg; obtained for the hopping
model. The used value foN,, in the simulations is indicated in
each curve.

FIG. 5. Steady state population of tfE, level obtained by the
solution of the rate equationd) with all the multipole couplings
(open squargsand with only the dipole-dipole couplingopen
circles in the hopping model.

curves of the®H, level of Tn?" in YVO,. Such procedure  Concerning the®F, level, the solution of the rate equa-
leads to §4=18x10"*° cm®s in a clear demonstration of tions for n,(t) is given by

the overestimation of the cross-relaxation parameter when

using the dipole-dipole interaction to fit the decay curves. N(0)( 2Wern, -+ W

Martin®? and L*® have applied the Yokota-TanimotdyT)?® ny(t)= 2(0)( ETnt — 20 (e*“TZ?r— e Wiy, (11
model to fit the decay curves of thiél, level of Tnt™ in an Wio— (745)

indium based fluoride glass and MOs crystal, respec- _ 4 B 71 )

el These o wone obanead- 1530 e, yheretl 89,51 apdWa 0 < e respechal e
Ci4=3x10"%° cmf/s* C§%4=60x10"*° cnP/s and G 47 6 47 e )
—7%10-% cnf/s® This same feature @i? Cgf’d) was Judd-Ofelt calculations. Figurese and 3b) show the time

. . evolution of the®F, level population(open circley and the
observed in Ref. 17 when applying the YT model to e, .simulations(solid lineg obtained with Eq(11). All samples

l:(;/teledegityegu;vefh;n Cflrl;ormrrgld;)g;[g;e gﬁ‘ss-si“%i re_sult Bresented an exponential decay time after a faster risetime as
xp S SS Xallons, Me—="Fa, 74 IS the T+ concentration increases. It can be noted that the
nonresonant and., Co'f‘sgq“eg‘“yv ”;e S%ec”a' overlap is largagcay curve of the high concentrated sample is faster than
for the energy migratiorrH,,"He— "He,"Ha. the low concentrated one, which is not predicted by (Ej).

Such a result characterizes an energy migration within the

. o 3F, level with a subsequent energy transfer to a lattice defect
causing a reduction of th&F, lifetime. Another possibility is
an upconversion mechanism in which two Tm ions in the
@ 087 o o 3F, level interact in such way that one of them goes to the
5 ground state and the other is excited to thé, level. The
g e ] best fitted solid line in Fig. @) was obtained by the inclu-
- ® sion of the experimental lifetime of th&F, level (72}(’)) in
‘a © Eqg. (1D.
2 041 —O—n, (simulated) The steady state population of tH€, level is also af-
- —e— n, (experimental) fected by the quenching mechanism as can be seen at the
intensity of the 3F,—3Hg transition in function of Tm"
° concentration. In the absence of quenching, the steady state
o) population of the®F, level [n;(=)] can be calculated by
T . T - T doing dn, /dt=0, which gives the result
5 10 15
Tm®" Concentration (10*°cm) e No(%0) (2Weh+ Wop9) 12
FIG. 4. Integrated intensity of th&F,— 3Hj (solid circle$ elec- ! Wio ’

tronic transition in function of T concentration. The open ny - )
circles represent the simulated steady state population offlge  Whereny(«) =Rn7 ¢ is the steady state population of the
level obtained in the hopping model. The lines are guides to the eye’H, level. Substitutingn,(«) into Eq.(12), we have
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RN(2We N+ Way) ng 3 V. CONCLUSIONS

Wio( 1+ Wern7y2) The Tm:Tm energy transfer in fluoroindogallate glasses

i N ) was analyzed by means of rate equations and microscopic
A plot of ny() as a function of Tm" concentration parameters of energy transfer. The effective lifetime of the

WO_UId I_ead to a Ilngar relation between these two q_uantltl_e3H4 level was successfully described by the inclusion of the

WhICh is not experlm_entally obs_erved._ The soe!ld circles mdipole-quadrupole and quadrupole-quadrupole coupling

Fig. 4 represent the integrated intensity 87, —°Hs elec- mechanisms in the Tm:Tm energy transfer processes

tronic transition in function of Ti" concentration. The 3, 3 3= 3 3, 3 3., 3
open circles are simulations of the steady state population %l_i'r‘:é dHi%_{hi?\;voFr‘lka;ri i;""’o;'gz ZGém14ﬁtTvC§hr?§gItsrg\t/)i-ous
the 3F, level with W, equal to (Tn1F)—1 The low signal gain , ng gre P

Yo s 10 ZATE T Yo . Observations reported in Ref. 17 which showed that the men-
of the *F,— °Hg transition will follow the same trends as in

Fia. 4. b h density i q tioned energy transfer processes between Tm ions in fluor-
'g. 4, but as the pump density INCreases € does not gindogallate glasses is dominated by the dipole-quadrupole
represent the steady state population anymore and the

optl- ) : . o
mum concentration changes to high values. Hnd guadrupole-quadrupole coupling mechanisms. It is im

Figure 5 shows the calculated population of i level portant Fo note th+at if3t+he high-order interactions are ne-
for the 4Tm sample obtained by the numerical solution of thequCtGd n thg Trh 'T.m _ energy transfer, théF, steady
rate equations in two cases: only the dipole-dipole interacStat® populatlon, which is an important parameter for the
tion (Wer=3.2<107*8 cn/s) and with all the multipole '2S€r system, will be underestimated.
orders included \Wgr=1.4x 10" cm?/s). TheW;; param-
eters were W,,=70 s'1, W,=470 s, and W,
=(1-2§<p)*1=147 s It can be noted that the underestima-
tion of the 3F, population is about 22% for pump densities _
above 0.01 of the saturation intensity and could lead to sig- 1h€ authors wish to thank Dr. N. J. H. Gallo for the EDX
nificant errors in the estimation of some laser parameter§1€asurements. This work was supported by Conselho Nacio-
such as the gain factor. It is also important to see the higihal de Desenvolvimento Ciefitio e Tecnolgico (CNPQ,
density of excited ions accumulated in tRE, level due to Fundaeo de Amparo aPesquisa do Estado de cS&aulo
its long lifetime. (FAPESB, and FINEP.

Ny(e)=
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