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Mechanism of the Yb—Er energy transfer in fluorozirconate glass
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The mechanism of the Y8 —Er** energy transfer as a function of the donor and the acceptor
concentration was investigated in ¥b-Er" codoped fluorozirconate glass. The luminescence
decay curves were measured and analyzed by monitoring fHié4r;,) fluorescence induced by

the YB**(?Fg,) excitation. The energy transfer microparameters were determined and used to
estimate the Yb—Er transfer rate of an energy transfer process assisted by excitation migration
among donors stat@iffusion mode)]. The experimental transfer rates were determined from the
best fitting of the acceptor luminescence decay obtained using a theoretical approach analog to that
one used in the Inokuti—Hirayama model for the donor luminescence decay. The obtained values of
transfer parameter gamma(exp) | were always higher than that predicted by the Inokuti—Hirayama
model. Also, the experimental transfer ragé(exp), was observed to be higher than the transfer rate
predicted by the migration model. Assuming a random distribution among excited donors at the
initial time (t=0) and that a fast excitation migration, which occurs in a very short time (
<y~ ?), reducing the mean distance between ddeacited and acceptor, all the observed results
could be explained. @003 American Institute of Physic§DOI: 10.1063/1.1555679

I. INTRODUCTION ergy transfeET) observed in Yb:Er:ZBLAN glasses, using
several combinations of Y6 (donon and EF" (acceptoy
Fluoride glasses are well known by their high transparconcentrations. In this sense the donor—donor, donor—
ency in the mid-infrared,low phonon energ¥,* and low acceptor, and acceptor—donor energy-transfer constants
attenuation of radiation near 1,am in comparison with (Cpp, Cpa, andCup) were determined and applied to es-
commonly used silica, silicate, and phosphate glas®-  timate the expected transfer rate for the case of an energy
ticularly, fluorozirconate glasses as ZBLAN transfer assisted by a diffusion model. However, the experi-
(ZrF,—BakR—LaF;—AlF;—NaF) have unique optical proper- mental transfer rates and the efficiencies were determined
ties in the infrared regidhand wide spectral range of optical from the best fitting of a theoretical expression derived for
transparency. These favorable physical properties make thethe acceptor luminescence decay based on the
excellent material for optical systems desigmhen doped Inokuti—Hirayama® approach. As a general result, the ex-
with triply ionized rare earth ions. Particularly, tfé;s,  perimental energy transfer rates are higher than those pre-
—*1 15, luminescence of Bif at 1.5 um has been exten- dicted by the diffusion model. Based on this observation, a
sively studied for the purpose of developing a light amplifiermodel including direct donor to acceptor energy transfer fol-
for telecommunication devices made of fiber gladsés. lowing the fast excitation diffusion among donots<(y?)
Also, the*l ;;,— 4113, emission of erbium at 2.zm in fluo-  was proposed.
ride glasses constitutes a very promising system to construct
all solid state lasers emitting near@n to be applied as ||, EXPERIMENT
surgical instruments.~**However, the energy level scheme
of Er** does not favor the optical amplification at 1u8n
because the three levels system involved. On the other hand, Ytterbium and erbium fluorides were used, respectively,
ytterbium ions exhibit a higher absorption cross section and as codopant and dopant starting materials. They were pre-
broad absorption band in this spectral region in comparisopared by fluorination of the respective ultrapure oxides
with erbium. These spectroscopic characteristics of ytter{99.999% from Alfa Aesar. Other chemicals employed to
bium and the large spectral overlap betweeri Yemission prepare ZBLAN glasses were the grade reagén9.9%
(°F5;,—2F ;) and the Et* absorption {l,5,—%1110) re-  fluorides: Zrf (Fluortran, BaF, (Alfa Aesay, LaF; (reac-
sults in an efficient Yb-Er energy transfe(ET) in Yb—Er  tron, Alfa Aesay, AlF;, and NaRFluortran. Three series of
codoped materials. Yb:Er:ZBLAN glasses were prepared with the following
The aim of this article is to report the results of our compositions, wher& andy are given in mol %:

investigation on the mechanism involved in the-¥&r en- (i) (99— x)(53ZrF,- 20Bak;- 4LaF;- 3AIF;- 20NaF)
-XYbF;-1ErF (x=0.2, 0.3, 0.5, 1.0, 3.0, 4.5, and. 6
dElectronic mail: Igomes@net.ipen.br (i) (94-y)(53ZrF,-20BaF;- 4LaF;- 3AIF;- 20NaF)

A. Glass preparation
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FIG. 1. A simplified energy level diagram of Yb:Er:ZBLAN which exhibits
the Yb—Er energy transfer and the radiative transitions involved. Dashed

and solid lines indicate the respective nonradiative and radiative Processes|s » gjuorescence decay of the,, level of YB** in ZBLAN measured
at 0.93um for two samples: single doped with ¥#6 mol %[curve(a)] and
double-doped withhYb]=6 mol % and Er]=1 mol % [curve(b)]. The fluo-
-6YbF;-yErF; (y=1, 2, 3,4, and b rescence was excited using a laser pulse of 74w, 10 Hz at 0.920um.
(iii) (99—x)(53ZrF,-20Bak - 4Lak;- 3AIF;- 20NaF)
-1YbF;-yErF; (y=1, 2, 3,4, and b
Yb:Er:ZBLAN glasses of 5 g were produced by melting pro-Was observed in double-doped samples with &Ylifetime
cessing at 750—800 °C i@ h in atubular furnace. A plati- Of ~2.1 ms. This residual luminescence of.:\_?.bmns was
num crucible in the form of a tube was used as a sampl@StS'T"’_‘ted to be produced by30% of the initial excited
container. After fusion, the melt was poured into a stainless' P 'oNs remaining in théF s state due to the Eﬂn/?_)
steel mold preheated to 260 °C to form a rectangular glass: YP(“Fs2) backtransfer process. This effect on_*(tiur_nl-
Annealing at 260°C fo2 h was performed after casting. N€Scence is consistent with our backtransfer ratio estimate of
Finally, the samples were polished using isopropyl alcohol a§-67 (see Table )i and7|s close to the previous rat{0.79
a lubricanting agent. found in the literaturé!
_ The microparametersQpp, Cpa, andCap) involved
B. Spectroscopic measurements in the energy transfer from the first and the second excited

A time resolved luminescence spectroscopy was emstates of donorsD) to the acceptorsA) were calculated
ployed to measure the donor and acceptor luminescence deésing

Time (ms)

cays induced by resonant laser excitations to determine the RS

mechanism involved in Y& (?Fg;,) —Er" (%111, energy Cop=—22, 1
transfer. The lifetimes of excited ¥b and EF* were mea- D

sured using a pulsed laser excitatighng from a tunable RS,

optical parametric oscillator pumped by the second harmonic  Cpp= _ (2
of a Q-switched Nd-YAG laser from Quantel. Laser excita- D

tion at 0.93um was used to excite thdF s, state of YB* RSo

and laser excitations at 0.98 and LB were used to excite CAD:T_Av (3

the %1, and *l 15, states of Et*, respectively. The time-
dependent luminescence of the donor and the activator weMhere 7p and 7, are the total lifetime of the donor and
detected by a InSK77 K) infrared detectofJudson model —acceptor state, respectively, measured in single doped
J10D with a fast preamplifiefresponse time of 0.ks) and ~ Samples. The critical radRpp , Rpa, andR,p were calcu-
analyzed using a signal-processing box-car averdBaRr lated using the overlap integral method based on the calcu-
4402 or a digital 200 MHz oscilloscope from Tektronix lation of the emissioridonop and the absorptiofacceptoy

(TDS 410. All the fluorescence decay times were measure@'0ss-section superposition. The following expression were

at 300 K. used:
IIl. RESULTS

TABLE I. The microparameters calculated for the nonradiative energy
A. Determination of the energy transfer transfer from the first excited state of ¥bto the second excited state of
microparameters Er** ions in ZBLAN glassesCpp , Cpa, andCap constants were obtained

by using the method of the overlap integral for resonant energy tranBfers.
A schematic energy level diagram representing thes the critical radius of the interaction.
Yb—Er energy transfer, as well the 0.98, 1.5, and 217
Er*™ emissions involved, is exhibited in Fig. 1. The lifetime
of the 2F, state of YB* was measured for single- and
double-doped ZBLAN glasses. Figure 2 shows the IuminesYb(iFS/z) - YbEfFS/z) Cpp=(6.77-0.94) x 10:22 16.2
cence decay and best fittings. The single doped samples egl—’ﬁ Ferd) = Er(111) Coa=(1.7620.24)> 10"/ 13.0
o i . . . . Er(*l11) — Yb(%Fg) Cap=(1.18+0.16) X 10 14.3
hibited an exponential luminescence time decay with a life,acyiranster

time of 2.7 ms. A weak residual luminescence offYkons

Transfer constant
Energy transfer (cmPs™) R (A)
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FIG. 3. Absorption(measurefiand emissior(calculated using McCumbker 10° 10% 10" 10° 10%  10° 10° 10¢ 10° 10%
spectral cross sections for ¥b in ZBLAN (a). (b) Spectra superposition Time (s)
between the Yb-emission?f,,—2Fs;,) and the Er-absorption *(;s, _
—4,,,) cross sections observed in Yb:Er:ZBLAN glass. FIG. 4. Time dependence of the fluorescence ofIEgf) at 2.7 um mea-

sured in ZBLAN with four different Ybx mol %):Er(1 mol %) codopings,
wherex=0.2 (a), x=0.5 (b), x=1 (c), x=3 (d), x=4.5(e), andx=6 (f).
The fluorescence was excited by laser pulses of 12ardc), 10 mJ(d) and

low (f), and 7 mJf) (4 ns, 10 Hz at 0.930um.

6CTD gD J

R =577 —u5 | TondN)ohdN)dX,
DD (277)4n2 ggp emi ab. . . . . .
(4) microscopic parameters obtained from this calculation. The

D A fact that Cpp~3.8Cp, indicates that the excitation migra-

oy A d)\, ) DD ) DA : ]
f Temd M) and M) tion among YB* ions must be an important effect in the
Yb—Er energy transfer in ZBLAN glass.

low
6 GCTD gD

wherec is the light speedn the refractive index of the me-

dium, andg}?,w and gl'?p are the degeneracy of the respective _ _ )
lower and upper levels of the donor. The overlap integral wa$- Analysis of the acceptor luminescence transient

calculated using the emissid) and absorption(D or A) The Yb—Er energy transfer produced the time-
cross-section superposition, - respectively, calculated fodependent luminescence of acceptor after th&"viaser ex-
D-D, D—A direct, andA—D backtransfer. citation at 0.93um. The time evolution of Bf" lumines-

The emission cross section of ¥i(*Fs,) was obtained cence at 2.7um was measured and analyzed using current
from the absorption cross section spectrum using the Mcmethods found in the literature. Three sets of Yb:Er:ZBLAN
Cumber relatiotf given by glasses were produced and analyzép:(99— x)(ZBLAN)

N, o -XYbF;3-1Erk; (x=0.2, 0.3, 0.5, 1, 3, 4.5, and);&ii) (94
aemisg)\)zaab;)\)N—exp< KT ) (5) —VY)(ZBLAN) -6 YbF;-yErF (y=1, 2, 3, 4, and § and
2 (ii) (99—Yy)(ZBLAN) -1YbF;-yErF; (y=1, 2, 3, 4, and b
wherefiw is the absorption photon wave numiiem %), K compositions.
is the Boltzman constant, arid;, and N, are the respective Figures 4a)—4(f) exhibit the Er luminescence for the
ground and excited state populations of donor states at theamples of set one. Figuresab-5(c) and Figs. 6a)—6(c)
equilibrium temperaturg300 K). Figure 3a) shows the exhibit the luminescence results of sets two and three, re-
emission cross section of Yb calculated using the popula- spectively. Generally, we observed a nonexponential rise
tion ratio (N;/N,)~3.04x 10?! obtained aff=300K using time of Er luminescence at 2,m followed by an exponen-
the McCumber relatioridashed curve Figure 3b) shows tial decay with a lifetime of 2.2 ms, which is shorter than the
the spectral superposition between the emission cross sectiome measured for the isolated®Erion (~7.3 m3.
of Yb®" and the absorption cross section of Erbtained There are two possibilities to analyze the time-dependent
for ZBLAN. The strong spectral superposition observed preduminescence of Bf at 2.7 um induced by the Yb-Er
dicts a resonant and efficient energy transfer fromenergy transfer. In the first possibility, we have to solve the
Yb3* (?Fg) to EPT (%45 in ZBLAN. Table | shows the rate equations of the Yb—Er system considering that the do-
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FIG. 5. Time dependence of the fluorescence decay d Eff) at 2.7 um FIG. 6. Time dependence of the fluorescence decay di Ef) at 2.7 um
measured in ZBLAN with three different Yb(6 mol%):&rnol %)  measured in ZBLAN with three different Yb(1 mol %):&rnol %)
codopings, wher&=0.1(a), x=3 (b), andx=5 (c). The fluorescence were codopings, whera=1 (&), x=3 (b), andx=5 (c). The fluorescence were
excited by laser pulses of 14 nid and(b) and 7 mJ(c) (4 ns, 10 Hzat  excited by laser pulses of 7 ntd) and 14 mJb) and(c) (4 ns, 10 Hz at
0.930 um. 0.930 um.

nor (Yb®") decay time is replaced by the average of all t

microscopic decays, which is dependent orR(19). A sim- ex;{ o

plified rate equations system is derived, in this case, if the up

conversion effects on Bf luminescence are neglected. For whereC is a constant and,= 7, .

instance, we observed that the up conversion process intro- The second possibility of analyzing the Zufm lumines-

duces much weaker luminescence intensities than the dowsence of Et* induced by the Yb-Er energy transfer con-

conversion process. That observation is consistent with thsiders that the decay rate of donor luminescence is strongly

up conversion efficiency estimated in the literature formodified by the interaction with all acceptor ions included in

Yb—Er in fluorides glassé3 of 77up~6><10*2 considering the excitation volume. In this case, the donor and acceptor

the average power intensity of 2 W/@msed in this work for  time-dependent luminescence is obtained solving the micro-

Yb3* excitation. scopic rate equation for a typical donob{) or acceptor
(Ay). The microscopic rate equations system is

n,(t)=C —exp(—kt)}, (8)

o k * _k
W:(fl pno_ nln4%n — nl dpD o0 NA o
dt] :_7_2 Wpba(Ri—Rj)pp ., €)
(considering thatn,~1 and n* =cte), (6) b =1
N
dn, n2 n2 doac__PA LS W R-R) (10)
W:knlm—q_—zmknl—g, (7) dt = DALY i)PD »

where n, and n; are the normalized populations of the Wherf-:-_pA and pp are the respective_probability e?«:itation
ground €F-;,) and excited Fs;,) states of YB' ions. n, densities of acceptorA,) and donor ions D;). Ny is the

andn, are the populations of th&,;,, and %l 5, excited ~NUMber of acceptor ions in the excitation volume and
states of EY* ions, respectivelyo; is the absorption cross Woa(Ri—R;) is the microscopic energy-transfer rate. The

section of YB* at 0.93 um, 7, is the total lifetime of following solutions were obtained:
Er(*111p), andk is the mean transfer rate of ¥bEr energy

transfer. Considering a valid approximationrgf~1 andn* pD-(t)—exp<
a constant, the solution far, is given by '

exp( —t> vaA(Ri)), (11)

D
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2iWpa(R) Yb3*) fluorescence decay, which is almost quenched. On the
pa(t)=exp| — —| - . | :
A 1 1 other hand, the acceptor luminescence is favored by the en
ZiWpa(R)) + —= — ergy transfer process and should be sufficiently intense to
D A

allow a precise luminescence measurement in a short time
t scale of few microseconds.
><ex;{ - T_D_t : WDA(Ri))- (12) The best fits of the 2.%m luminescence of Bf ob-
tained after laser excitation at 0.93n (Yb®*) are shown in
Assuming that ion#\ andD are randomly distributed in the Figs. 4—6 for the three sets of sample compositions used in
glass matrix, one finds that the mean probability of donofhis work. The thick solid lines of Figs. 4—6 were used to
excitation density at timeis given by the statistical average represent the best fittings obtained using the solution given
of pp;(t) over various possible donor environments. Considyy Eq. (16) and thin solid lines represent the best fittings
ering that only a dipole—dipole interaction is important, we ghtained using Eq.(8). As a general result, the time-
have that the microscopic transfer rate is given Wya  dependent luminescence of the acceptor is better described
=(1/7p)(Rpa/R)°. In this case, the transfer raté,A(R) is by the solution given by Eq16). The acceptor luminescence
equal to the intrinsic decay rater}/ of the donor state when jnyolves the Inokuti—Hirayama approach instead of the solu-
R=Rpa. If the discrete lattice is approximated by a con-tjon derived from the rate equations model given by .
tinuum in taking the averages over the interaction volumqn spite of this, the result shows that the best fitting value of
V=(4/3)mR® and making the limit o/ — =, one obtains the  the 5 parameter is always higher than the predicted value of
Inokuti—Hirayama® solution for the donor luminescence de- y from the diffusion model. Table Il shows the best fitting
cay parameter$y andr,) obtained using Eq16) for the case of
Na Er* (%111, luminescence. The predicted valuespfrom
)H exd —tWpa(R)], (13 the diffusion model were also included in Table Il for the
=1 comparison with experimental valueg(exp). The experi-
A47R2 mental transfer ratey?(exp), and the predicted transfer rate
[f from diffusion model,Ky4, were also listed in Table Il to
vV emphasize the differences. This result indicates the existence

t
ij(t):eXF( -

D

pp(t)=exp(—t/7mp) lim

Np V=
N of fast exciton diffusion among Y ions before starting the
xexd —tWpa(R)1d R] : (14)  Yb—Er direct energy transfer. Th¢, transfer rate was cal-
culated using the following expression well known for the
rt) 112 donor to acceptor energy transfer assisted by excitation mi-
) ) (15 gration among donor ions(or diffusion model: Ky
=21c,Cp(C35Cpa) Y4 % It is important to note that/(exp)
where C, is the donor concentration ar@, is the critical ~ values are always higher thatheop values andy?(exp) is
concentration given b)C0=3/(47TR3,5A). The transfer pa- higher tharK,. Also we observed that the measured lifetime
rameter was defined ag=(C,/C,)(7/mp)*? that is also of the EP*(*l,,/,) state in codoped samples is shot@#4 —
related to the microscopic transfer constag{theor) 5.4 mg than the measured lifetime of the isolated
=(47%3)CA(Cpa) Y2 Using the following approximation ErP* (%1, ion (~7 msg. We verify also that this lumines-
ZiWpa(R)>(1/7p—1/7,) in EqQ. (12) and the donor lumi- cence lifetime difference enhances with the Yb concentration
nescence solution given in E@L5 we obtained the time- increasing for codoped samples. This lifetime effect ob-
dependent luminescence solution of the acceptor ion. Thiserved in the B (*l,,/,) state suggests that the ¥bions
solution represents the average luminescence transient of thecated nearby the Bf ion increases the electron—phonon
acceptor following the Inokuti—Hirayama approach given bycoupling enhancing its multiphonon decay rate and conse-

¢ ( quently decreasing the lifetime of tH&,;,—*l,5, transi-
o] o i
A D

' (16) tion.
where'y is the fitj[ing parameter which is obtairjed from the IV. DISCUSSION AND CONCLUSIONS
best fit of the time-dependent acceptor luminescence. Of
course, the energy transfer in this stage does not involve the The results of the investigation of Er luminescence at 2.7
energy migration among donors. In this case, the transfer ratem showed that the Yb-Er energy transfer is dominated by
is equal toy?(exp). The solution expressed by H@5) was  the acceptor luminescence solution according to the Inokuti—
already obtained by Inokuti—Hirayam&however, the solu- Hirayama model, however, with the transfer parameger
tion given by Eq.(16) was derived here and is one contribu- larger than that predicted by thedfThis mechanism was
tion of this present work. Many cases of resonant energybserved valid for all codoped samples used in this work
transfer between triply ionized rare earth ions are better andthree sample setsThis physical effect is consistent with the
lyzed using the acceptor luminescence transient as a prolassumption of the existence of fast excitation diffusion,
for luminescence investigation. For instance, Fido and  which modifies the excitation distribution among donor and
Yb—Er energy transfers are better analyzed measuring the &ceptor ions induced after laser excitation. This fast excita-
um emission of H8"(°lg) and 2.7 um emission of tion diffusion occurs in a short timet€y ?) leading to
Er* (%11, instead of monitoring the donor (Th or  donor excitation approximates to the acceptor ion. Subse-

_ Ca
pp(t)=exp( —t/rD)exr< -c

0\7D

pa(t)=C
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TABLE Il. The experimental values of parameters obtained from best fit using Eif) derived from the fast
exciton diffusion and Inokuti—Hirayama type energy-transfer for three sets of)YB((y):ZBLAN composi-
tions. Theoretic values of parameters anily were obtained from the microscopic theory of energy transfer
based on the random walk problem involving excitation migration by diffusion through donors (slifftesion

mode).
Yb:Er:ZBLAN Transfer parameter
(mol %) (s

Y(10s™Y)  Ky(10°s™h) 7 (MS) k(10°s™1)
) ¥ oAtheoy®  Aexp® (exp? (theop® (exp” (exp’
0.2 1 54.8 127.61.9 16.1 0.7 6.070.09 17.6:0.4
0.3 1 54.8 128.71.3 16.6 1.0 5.410.05 18.2£0.3
0.5 1 54.8 124.41.2 15.5 1.6 4.430.04 18.6-0.3
1 1 54.8 160.42.9 25.7 3.3 3.80:0.06 27.1%0.7
3 1 54.8 277.63.2 77.1 9.8 2.71£0.04 82.2t1.5
4.5 1 54.8 407.23.9 165.8 14.7 2.440.03 156.3-2.2
6 1 54.8 484.95.6 235.1 19.7 2.370.02 256.0:3.1
1 2 113.7 246.83.9 60.9 6.8 4.56:0.05 58.8-1.6
1 3 171.0 285.95.2 81.7 10.2 4.280.05 64.6:1.4
1 4 229.6 416.94.9 173.8 13.7 4.240.03 147.43.1
1 5 283.6 464.86.3 216.0 16.9 4.180.05 182.13.3
6 0.1 5.7 437.+18.3 191.1 2.1 1.960.09 148.37.1
6 0.2 11.4 409.1£8.5 167.4 4.1 2.350.06 148.93.8
6 2 113.7 564.16.3 318.2 40.8 2.390.02 305.¢:2.9
6 3 171.0 692.6:6.2 479.7 61.4 2.360.02 496.:4.5
6 4 229.6 670.6:8.5 449.7 825 2.180.02 480.13.5
6 5 283.6 695.18.6 483.2 101.9 1.810.02 494.3-3.6

Calculated values using the Inokuti—Hirayama the@ef. 16.

PExperimental data obtained from best fit of the ac
Hirayama approach, Eq16).
‘Calculated values using the diffusion modRkf. 20.
dExperimental data obtained from best fit of the acc
(8).@9 Deviation estimation of these calculated par
absorption measurements.

ceptor luminescence transient obtained using the Inokuti—

eptor luminescence solution of rate equations given by Eq.
ameters was 10% considering the propagation error in the

quently, the Yb-Er energy transfer takes over leading the Ercalculate the fraction of donofr acceptor ions that has

luminescence to exhibit a rising curve dominatedebyt.

another neighbor dondor acceptor placed at the distance

This proposed model is consistent with the observation thagetweenR andR+ dR using that

yexp>y(theon and y?(exp)>Ky4. There are two cases of
D — A energy transfe(ET) considering the excitation migra-

tion. In the first, ET1) is composed by fast diffusion among
donors followed by the direct energy transfer. In the second,
ET(2) is due to a diffusion assisted energy transfer. The

transfer rate of ETL) is y?(exp) andy?(theor)+ K is the

transfer rate of E[R). The efficiency of ET1) was calculated
considering the competition between @Y and ET2) pro-

cesses given

y(exp)?

eff(1) = S rexp 7+ y(theon2+ Ky

17)

Figure {a) shows the calculated efficiency of EIJ as a
function of Yb concentration(0.1-6 mol% of codoped
samples having 1 mol% of Ef. Figure 7a) shows that
ET(1) always dominates th® — A energy transfer. It effi-
ciency is~0.74 for small Yb concentratio<1 mol %) and
saturates near 0.95 for larger concentraticrilO0 mol %9.
Figure 7b) shows the ETl) efficiency dependence on Er
concentration for two cases of Yb codoped samples with
and 6 mol%. The result of Fig.(B) indicates that the fast
excitation (or exciton diffusion is limited by some critical

R2

4
fi(RIIR= 5 (1~ n) 4 RBRI- 24 R
0

(18

wherei =1 is used for donor—donor distribution aine 2 for
donor—acceptor distributiorR3 is the mean volume of a
hypothetic ion in glass matrix ang is the donor(or accep-
tor) concentration in molar fraction. The most simple way to
calculate the efficiency of HI) consists of assuming the
existence of a critical distand@c, between donors for the
exciton diffusion efficiency and the critical distanl@@2 be-
tween donor—acceptor for the exciton scattering efficiency.
Let us assume that the fast exciton diffusion mechanism has
Naiffusion= 1 for donors separated by the distafte Re, and
Ndifusion= 7o for those havingR> Re,- Second, the exciton
lscattering mechanism hage=1 for donors having an
acceptor ion at the distande< Re, and 7gcae=0 If R

acceptor concentration. Assuming a random distribution be=>Rc,. The mean efficiency of fast exciton diffusion without
tween donor and acceptor ions in the ZBLAN matrix, we canscattering effects is given by
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1.0 — a, b, Nc,, and Nc, are the fitting parameters\l@1 and Nc,
(a) ;as‘_d;“;g'g'g model g - 1 mois are the critical concentrations related to the critical dis-
c1 - 0 "
tance$. a andb were also calculated from the critical con-
0.9 o centrationgor critical radii). Figures 7a) and b) show the

efficiency of the ET1) process calculated from Ed@17).
Figure 7a) exhibits the Yb concentration dependence and
Fig. 7(b), the Er concentration dependence. Best fitting of
0.8 ET(1) efficiency behavior exhibited in Figs.(& and 1b)
was obtained, respectively, from Eq21) and (22) (solid
lines). A critical distance RCl) of 7.22 A was obtained giv-

Efficiency

0.7 : : . . ; , - ing the critical concentration of 6.3410°°Yb®* ions/cny.
0.0 05 1.0 15 2.0 In  additon, a critcal concentration of 3.0
[Yb] (10*' ions/cm®) X 107*Er** ions/cn? [or the critical radius Rc,) of 4.29 A]
1.0 was obtained from best fitting of Fig.(k). The respective
[Yb] = 6 moi% b R,=4294 values 0.87 and 0.98 were obtained for thearameter using

Eq. (22), for the two sets of sample compositions:
Yb3" (1%):Er(x%) and Yb(6%):Erk%). Similar values
of the b parameter were estimated from the critical concen-
tration of YB** (0.84 and 0.96, respectivelyy, of 0.78 was
estimated using the@ parameter value which is consistent
with our experimental observation that &J dominates the
A A Yb—Er energy transfer in ZBLAN at least for the maximum
concentration investigated in this  work (1
06 — = X 107LEr** ions/cn?).
0.0 0.2 0.4 0.6 0.8 1.0 Our main conclusion is that the fast excitation diffusion
[Er] (10%" ions/cm®) occurs i.n a very short Fime changing the_initial excitation
distribution among YB" ions strongly affecting the mecha-
FIG. 7. The calculated efficiency of the EIJ process as a function of Yb  nism of the Yb—Er energy transfer. The measured time de-
concentrqtipn is r_epresented by square symb_o(sa)irand the solid Iin_e is pendence of acceptor luminescence is compatible with an
the best fitting using Eq21). The circles and triangles are representing the . . . . .
calculated values of HI) as a function of Er] concentration and solid lines energy transfer mechanism given in the InOku“_leayama
are the best fitting using Eq22). The critical radii involved in the fast approach not involving excitation migration. However, the
exciton diffusion are indicated. experimental value of the parameter is always larger than
the expected valué$.In spite of this, the fast exciton diffu-
sion always dominates the excitation migration despite the
o Re, o (Yb:Er) composition. The method of analyzing the acceptor
diffusion™ 1f f1(R)dR+ ﬁof f1(R)dR luminescence employed in this work constitutes an important
0 ¢ tool to investigate the mechanism of resonant energy transfer
4 among triply ionized rare earth ions in solids, and can be
=1—(1— no)exp( - ?RglND), (199  applied to other solid materials, as crystals. It is important to
mention that the fast diffusion effects observed for Yb—Er
_ Re, * energy transfer in ZBLAN may be present in any other reso-
”scatter:lfo fZ(R)dRJrOfR f2(R)dR nantD— A energy transfer with a microscopic donor—donor
K transfer constantCpp=6.8x10 °cmf/s. The TméF,)
47 —Ho(%l,) energy transfer in YLF crystal which ha8pp
= 1_9XF{ —3 RCZNA) , (200 =12.4x10"%cnf/s,** could be a good candidate to apply
this model to investigate the time evolution of the Plgj
whereNp andN, are the dono(Yb) and accepto(Er) con-  |yminescence at m after a short time laser excitation of
centrations in ions/cfh The total efficiency of exciton diffu- the Tm@F,) state.

sion mechanism in EL) was obtained using thaty
= Ndiiusion( 1 — 7scatte) @Nd the distribution function given by ACKNOWLEDGMENTS
Eqg. (18). Two expressions for the exciton diffusion efficiency
were obtained: Eq(21) for Yb concentration dependence
and Eq.(22) for Er dependence.

0.9

0.8

Efficiency

0.7 4 [Yb] = 1 mol%
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