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The mechanism of the Yb31→Er31 energy transfer as a function of the donor and the acceptor
concentration was investigated in Yb31 – Er31 codoped fluorozirconate glass. The luminescence
decay curves were measured and analyzed by monitoring the Er31(4I 11/2) fluorescence induced by
the Yb31(2F5/2) 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 state~diffusion model!. 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@g~exp!# were always higher than that predicted by the Inokuti–Hirayama
model. Also, the experimental transfer rate,g2(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 (t50) and that a fast excitation migration, which occurs in a very short time (t
!g22), reducing the mean distance between donor~excited! and acceptor, all the observed results
could be explained. ©2003 American Institute of Physics.@DOI: 10.1063/1.1555679#
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I. INTRODUCTION

Fluoride glasses are well known by their high transp
ency in the mid-infrared,1 low phonon energy,2–4 and low
attenuation of radiation near 1.5mm in comparison with
commonly used silica, silicate, and phosphate glasses.5 Par-
ticularly, fluorozirconate glasses as ZBLA
(ZrF4– BaF2– LaF3– AlF3– NaF) have unique optical prope
ties in the infrared region6 and wide spectral range of optica
transparency. These favorable physical properties make t
excellent material for optical systems design7 when doped
with triply ionized rare earth ions. Particularly, the4I 13/2

→4I 15/2 luminescence of Er31 at 1.5 mm has been exten
sively studied for the purpose of developing a light amplifi
for telecommunication devices made of fiber glasses.8–10

Also, the4I 11/2→4I 13/2 emission of erbium at 2.7mm in fluo-
ride glasses constitutes a very promising system to cons
all solid state lasers emitting near 3mm to be applied as
surgical instruments.11–14 However, the energy level schem
of Er31 does not favor the optical amplification at 1.5mm
because the three levels system involved. On the other h
ytterbium ions exhibit a higher absorption cross section an
broad absorption band in this spectral region in compari
with erbium. These spectroscopic characteristics of yt
bium and the large spectral overlap between Yb31 emission
(2F5/2→2F7/2) and the Er31 absorption (4I 15/2→4I 11/2) re-
sults in an efficient Yb→Er energy transfer~ET! in Yb–Er
codoped materials.15

The aim of this article is to report the results of o
investigation on the mechanism involved in the Yb→Er en-

a!Electronic mail: lgomes@net.ipen.br
3870021-8979/2003/93(7)/3873/8/$20.00
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ergy transfer~ET! observed in Yb:Er:ZBLAN glasses, usin
several combinations of Yb31 ~donor! and Er31 ~acceptor!
concentrations. In this sense the donor–donor, don
acceptor, and acceptor–donor energy-transfer const
(CDD , CDA , andCAD) were determined and applied to e
timate the expected transfer rate for the case of an en
transfer assisted by a diffusion model. However, the exp
mental transfer rates and the efficiencies were determ
from the best fitting of a theoretical expression derived
the acceptor luminescence decay based on
Inokuti–Hirayama16 approach. As a general result, the e
perimental energy transfer rates are higher than those
dicted by the diffusion model. Based on this observation
model including direct donor to acceptor energy transfer f
lowing the fast excitation diffusion among donors (t!g22)
was proposed.

II. EXPERIMENT

A. Glass preparation

Ytterbium and erbium fluorides were used, respective
as codopant and dopant starting materials. They were
pared by fluorination of the respective ultrapure oxid
~99.999%! from Alfa Aesar. Other chemicals employed
prepare ZBLAN glasses were the grade reagents~.99.9%!
fluorides: ZrF4 ~Fluortran!, BaF2 ~Alfa Aesar!, LaF3 ~reac-
tron, Alfa Aesar!, AlF3 , and NaF~Fluortran!. Three series of
Yb:Er:ZBLAN glasses were prepared with the followin
compositions, wherex andy are given in mol %:

~i! (992x)(53ZrF4•20BaF2•4LaF3•3AlF3•20NaF)
•xYbF3•1ErF3 (x50.2, 0.3, 0.5, 1.0, 3.0, 4.5, and 6!.

~ii ! (942y)(53ZrF4•20BaF2•4LaF3•3AlF3•20NaF)
3 © 2003 American Institute of Physics
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•6YbF3•yErF3 (y51, 2, 3, 4, and 5!.
~iii ! (992x)(53ZrF4•20BaF2•4LaF3•3AlF3•20NaF)

•1YbF3•yErF3 (y51, 2, 3, 4, and 5!.

Yb:Er:ZBLAN glasses of 5 g were produced by melting pr
cessing at 750–800 °C for 2 h in a tubular furnace. A plati-
num crucible in the form of a tube was used as a sam
container. After fusion, the melt was poured into a stainl
steel mold preheated to 260 °C to form a rectangular gl
Annealing at 260 °C for 2 h was performed after casting
Finally, the samples were polished using isopropyl alcoho
a lubricanting agent.

B. Spectroscopic measurements

A time resolved luminescence spectroscopy was e
ployed to measure the donor and acceptor luminescence
cays induced by resonant laser excitations to determine
mechanism involved in Yb31(2F5/2)→Er31(4I 11/2) energy
transfer. The lifetimes of excited Yb31 and Er31 were mea-
sured using a pulsed laser excitation~4 ns! from a tunable
optical parametric oscillator pumped by the second harmo
of a Q-switched Nd-YAG laser from Quantel. Laser excit
tion at 0.93mm was used to excite the2F5/2 state of Yb31

and laser excitations at 0.98 and 1.5mm were used to excite
the 4I 11/2 and 4I 13/2 states of Er31, respectively. The time-
dependent luminescence of the donor and the activator w
detected by a InSb~77 K! infrared detector~Judson model
J10D! with a fast preamplifier~response time of 0.5ms! and
analyzed using a signal-processing box-car averager~PAR
4402! or a digital 200 MHz oscilloscope from Tektroni
~TDS 410!. All the fluorescence decay times were measu
at 300 K.

III. RESULTS

A. Determination of the energy transfer
microparameters

A schematic energy level diagram representing
Yb→Er energy transfer, as well the 0.98, 1.5, and 2.7mm
Er31 emissions involved, is exhibited in Fig. 1. The lifetim
of the 2F5/2 state of Yb31 was measured for single- an
double-doped ZBLAN glasses. Figure 2 shows the lumin
cence decay and best fittings. The single doped samples
hibited an exponential luminescence time decay with a l
time of 2.7 ms. A weak residual luminescence of Yb31 ions

FIG. 1. A simplified energy level diagram of Yb:Er:ZBLAN which exhibit
the Yb→Er energy transfer and the radiative transitions involved. Das
and solid lines indicate the respective nonradiative and radiative proce
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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was observed in double-doped samples with a Yb31 lifetime
of ;2.1 ms. This residual luminescence of Yb31 ions was
estimated to be produced by;30% of the initial excited
Yb31 ions remaining in the2F5/2 state due to the Er(4I 11/2)
→Yb(2F5/2) backtransfer process. This effect on Yb31 lumi-
nescence is consistent with our backtransfer ratio estimat
0.67 ~see Table I! and is close to the previous ratio~0.75!
found in the literature.17

The microparameters (CDD , CDA , and CAD) involved
in the energy transfer from the first and the second exc
states of donors~D! to the acceptors~A! were calculated
using

CDA5
RDA

6

tD
, ~1!

CDD5
RDD

6

tD
, ~2!

CAD5
RAD

6

tA
, ~3!

where tD and tA are the total lifetime of the donor an
acceptor state, respectively, measured in single do
samples. The critical radiiRDD , RDA , andRAD were calcu-
lated using the overlap integral method based on the ca
lation of the emission~donor! and the absorption~acceptor!
cross-section superposition. The following expression w
used:

d
es.FIG. 2. Fluorescence decay of the2F5/2 level of Yb31 in ZBLAN measured
at 0.93mm for two samples: single doped with Yb56 mol % @curve~a!# and
double-doped with@Yb#56 mol % and@Er#51 mol % @curve~b!#. The fluo-
rescence was excited using a laser pulse of 7 mJ~4 ns, 10 Hz! at 0.920mm.

TABLE I. The microparameters calculated for the nonradiative ene
transfer from the first excited state of Yb31 to the second excited state o
Er31 ions in ZBLAN glasses.CDD , CDA , andCAD constants were obtained
by using the method of the overlap integral for resonant energy transfersRC

is the critical radius of the interaction.

Energy transfer
Transfer constant

~cm6 s21! Rc (Å)

Yb(2F5/2) → Yb(2F5/2) CDD5(6.7760.94)3 10239 16.2
Yb(2F5/2) → Er(4I 11/2) CDA5(1.7660.24)3 10239 13.0
Er(4I 11/2) → Yb(2F5/2)
~backtransfer!

CAD5(1.1860.16)3 10239 14.3
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

, 14 Jan 2014 13:08:41



-
ve
a

fo

M

t

-

ct

re
om

he
-
e

e-

ent
N

e

re-
rise

he

ent

the
do-

3875J. Appl. Phys., Vol. 93, No. 7, 1 April 2003 da Vila et al.

 [This a
RDD
6 5

6ctD

~2p!4n2

gD
low

gD
up E semis

D ~l!sabs
D ~l!dl,

~4!

RDA
6 5

6ctD

~2p!4n2

gD
low

gD
up E semis

D ~l!sabs
A ~l!dl,

wherec is the light speed,n the refractive index of the me
dium, andglow

D andgup
D are the degeneracy of the respecti

lower and upper levels of the donor. The overlap integral w
calculated using the emission~D! and absorption~D or A!
cross-section superposition, respectively, calculated
D –D, D –A direct, andA–D backtransfer.

The emission cross section of Yb31(2F5/2) was obtained
from the absorption cross section spectrum using the
Cumber relation18 given by

semiss~l!5sabs~l!
N1

N2
expS 2\v

KT D , ~5!

where\v is the absorption photon wave number~cm21!, K
is the Boltzman constant, andN1 andN2 are the respective
ground and excited state populations of donor states at
equilibrium temperature~300 K!. Figure 3~a! shows the
emission cross section of Yb31 calculated using the popula
tion ratio (N1 /N2);3.0431021 obtained atT5300 K using
the McCumber relation~dashed curve!. Figure 3~b! shows
the spectral superposition between the emission cross se
of Yb31 and the absorption cross section of Er31 obtained
for ZBLAN. The strong spectral superposition observed p
dicts a resonant and efficient energy transfer fr
Yb31(2F5/2) to Er31(4I 11/2) in ZBLAN. Table I shows the

FIG. 3. Absorption~measured! and emission~calculated using McCumber!
spectral cross sections for Yb31 in ZBLAN ~a!. ~b! Spectra superposition
between the Yb-emission (2F7/2→2F5/2) and the Er-absorption (4I 15/2

→4I 11/2) cross sections observed in Yb:Er:ZBLAN glass.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

186.217.234.225 On: Tue
s

r

c-

he

ion

-

microscopic parameters obtained from this calculation. T
fact thatCDD;3.8CDA indicates that the excitation migra
tion among Yb31 ions must be an important effect in th
Yb→Er energy transfer in ZBLAN glass.

B. Analysis of the acceptor luminescence transient

The Yb→Er energy transfer produced the tim
dependent luminescence of acceptor after the Yb31 laser ex-
citation at 0.93mm. The time evolution of Er31 lumines-
cence at 2.7mm was measured and analyzed using curr
methods found in the literature. Three sets of Yb:Er:ZBLA
glasses were produced and analyzed:~i! (992x)(ZBLAN)
•xYbF3•1ErF3 (x50.2, 0.3, 0.5, 1, 3, 4.5, and 6!; ~ii ! (94
2y)(ZBLAN) •6YbF3•yErF3 (y51, 2, 3, 4, and 5!; and
~iii ! (992y)(ZBLAN) •1YbF3•yErF3 (y51, 2, 3, 4, and 5!
compositions.

Figures 4~a!–4~f! exhibit the Er luminescence for th
samples of set one. Figures 5~a!–5~c! and Figs. 6~a!–6~c!
exhibit the luminescence results of sets two and three,
spectively. Generally, we observed a nonexponential
time of Er luminescence at 2.7mm followed by an exponen-
tial decay with a lifetime of 2.2 ms, which is shorter than t
one measured for the isolated Er31 ion ~;7.3 ms!.

There are two possibilities to analyze the time-depend
luminescence of Er31 at 2.7 mm induced by the Yb→Er
energy transfer. In the first possibility, we have to solve
rate equations of the Yb–Er system considering that the

FIG. 4. Time dependence of the fluorescence of Er(4I 11/2) at 2.7mm mea-
sured in ZBLAN with four different Yb(x mol %):Er(1 mol %) codopings,
wherex50.2 ~a!, x50.5 ~b!, x51 ~c!, x53 ~d!, x54.5 ~e!, andx56 ~f!.
The fluorescence was excited by laser pulses of 12 mJ~a!–~c!, 10 mJ~d! and
~f!, and 7 mJ~f! ~4 ns, 10 Hz! at 0.930mm.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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nor (Yb31) decay time is replaced by the average of
microscopic decays, which is dependent on (1/R26). A sim-
plified rate equations system is derived, in this case, if the
conversion effects on Er31 luminescence are neglected. F
instance, we observed that the up conversion process in
duces much weaker luminescence intensities than the d
conversion process. That observation is consistent with
up conversion efficiency estimated in the literature
Yb–Er in fluorides glasses19 of hup;631022 considering
the average power intensity of 2 W/cm2 used in this work for
Yb31 excitation.

dn1

dt
5s1I Pn02kn1n4'n* 2kn1

~considering thatn4'1 and n* 5cte!, ~6!

dn2

dt
5kn1n42

n2

t2
'kn12

n2

t2
, ~7!

where n0 and n1 are the normalized populations of th
ground (2F7/2) and excited (2F5/2) states of Yb31 ions. n2

and n4 are the populations of the4I 11/2 and 4I 13/2 excited
states of Er31 ions, respectively.s1 is the absorption cros
section of Yb31 at 0.93 mm, t2 is the total lifetime of
Er(4I 11/2), andk is the mean transfer rate of Yb→Er energy
transfer. Considering a valid approximation ofn4'1 andn*
a constant, the solution forn2 is given by

FIG. 5. Time dependence of the fluorescence decay of Er(4I 11/2) at 2.7mm
measured in ZBLAN with three different Yb(6 mol %):Er(x mol %)
codopings, wherex50.1 ~a!, x53 ~b!, andx55 ~c!. The fluorescence were
excited by laser pulses of 14 mJ~a! and ~b! and 7 mJ~c! ~4 ns, 10 Hz! at
0.930mm.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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n2~ t !5CFexpS 2
t

t2
D2exp~2kt!G , ~8!

whereC is a constant andt25tA .
The second possibility of analyzing the 2.7mm lumines-

cence of Er31 induced by the Yb→Er energy transfer con
siders that the decay rate of donor luminescence is stro
modified by the interaction with all acceptor ions included
the excitation volume. In this case, the donor and acce
time-dependent luminescence is obtained solving the mi
scopic rate equation for a typical donor (D j ) or acceptor
(Ak). The microscopic rate equations system is

drD j

dt
52

rD

tD
2(

i 51

NA

WDA~Ri2Rj !rD , ~9!

drAk

dt
52

rA

tA
1(

i 51

NA

WDA~Ri2Rj !rD , ~10!

where rA and rD are the respective probability excitatio
densities of acceptor (Ak) and donor ions (D j ). NA is the
number of acceptor ions in the excitation volume a
WDA(Ri2Rj ) is the microscopic energy-transfer rate. T
following solutions were obtained:

rD j~ t !5expS 2
t

tD
DexpS 2t(

i
WDA~Ri ! D , ~11!

FIG. 6. Time dependence of the fluorescence decay of Er(4I 11/2) at 2.7mm
measured in ZBLAN with three different Yb(1 mol %):Er(x mol %)
codopings, wherex51 ~a!, x53 ~b!, andx55 ~c!. The fluorescence were
excited by laser pulses of 7 mJ~a! and 14 mJ~b! and ~c! ~4 ns, 10 Hz! at
0.930mm.
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rAk~ t !5expS 2
t

tA
D2

( iWDA~Ri !

( iWDA~Ri !1
1

tD
2

1

tA

3expS 2
t

tD
2t(

i
WDA~Ri ! D . ~12!

Assuming that ionsA andD are randomly distributed in the
glass matrix, one finds that the mean probability of don
excitation density at timet is given by the statistical averag
of rD j (t) over various possible donor environments. Cons
ering that only a dipole–dipole interaction is important, w
have that the microscopic transfer rate is given byWDA

5(1/tD)(RDA /R)6. In this case, the transfer rateWDA(R) is
equal to the intrinsic decay rate 1/tD of the donor state when
R5RDA . If the discrete lattice is approximated by a co
tinuum in taking the averages over the interaction volu
V5(4/3)pR3 and making the limit ofV→`, one obtains the
Inokuti–Hirayama16 solution for the donor luminescence d
cay

rD j~ t !5expS 2
t

tD
D)

i 51

NA

exp@2tWDA~Ri !#, ~13!

r̄D~ t !5exp~2t/tD! lim
NA ,V→`

H E
V

4pR2

V

3exp@2tWDA~R!#dRJ NA

, ~14!

r̄D~ t !5exp~2t/tD!expS 2
CA

C0
S pt

tD
D 1/2D , ~15!

whereCA is the donor concentration andC0 is the critical
concentration given byC053/(4pRDA

3 ). The transfer pa-
rameter was defined asg5(CA /C0)(p/tD)1/2 that is also
related to the microscopic transfer constantg(theor)
5(4p3/2/3)CA(CDA)1/2. Using the following approximation
( iWDA(R)@(1/tD21/tA) in Eq. ~12! and the donor lumi-
nescence solution given in Eq.~15! we obtained the time-
dependent luminescence solution of the acceptor ion. T
solution represents the average luminescence transient o
acceptor following the Inokuti–Hirayama approach given

r̄A~ t !5CFexpS 2
t

tA
D2expS 2gAt2

t

tD
D G , ~16!

whereg is the fitting parameter which is obtained from th
best fit of the time-dependent acceptor luminescence.
course, the energy transfer in this stage does not involve
energy migration among donors. In this case, the transfer
is equal tog2(exp). The solution expressed by Eq.~15! was
already obtained by Inokuti–Hirayama,16 however, the solu-
tion given by Eq.~16! was derived here and is one contrib
tion of this present work. Many cases of resonant ene
transfer between triply ionized rare earth ions are better a
lyzed using the acceptor luminescence transient as a p
for luminescence investigation. For instance, Tm→Ho and
Yb→Er energy transfers are better analyzed measuring t
mm emission of Ho31(5I 6) and 2.7 mm emission of
Er31(4I 11/2), instead of monitoring the donor (Tm31 or
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Yb31) fluorescence decay, which is almost quenched. On
other hand, the acceptor luminescence is favored by the
ergy transfer process and should be sufficiently intense
allow a precise luminescence measurement in a short
scale of few microseconds.

The best fits of the 2.7mm luminescence of Er31 ob-
tained after laser excitation at 0.93mm (Yb31) are shown in
Figs. 4–6 for the three sets of sample compositions use
this work. The thick solid lines of Figs. 4–6 were used
represent the best fittings obtained using the solution gi
by Eq. ~16! and thin solid lines represent the best fittin
obtained using Eq.~8!. As a general result, the time
dependent luminescence of the acceptor is better descr
by the solution given by Eq.~16!. The acceptor luminescenc
involves the Inokuti–Hirayama approach instead of the so
tion derived from the rate equations model given by Eq.~8!.
In spite of this, the result shows that the best fitting value
the g parameter is always higher than the predicted value
g from the diffusion model. Table II shows the best fittin
parameters~g andtA) obtained using Eq.~16! for the case of
Er31(4I 11/2) luminescence. The predicted values ofg from
the diffusion model were also included in Table II for th
comparison with experimental values,g~exp!. The experi-
mental transfer rate,g2(exp), and the predicted transfer ra
from diffusion model,Kd , were also listed in Table II to
emphasize the differences. This result indicates the existe
of fast exciton diffusion among Yb31 ions before starting the
Yb→Er direct energy transfer. TheKd transfer rate was cal
culated using the following expression well known for th
donor to acceptor energy transfer assisted by excitation
gration among donor ions~or diffusion model!: Kd

521cAcD(CDD
3 CDA)1/4.20 It is important to note thatg~exp!

values are always higher thang~theor! values andg2(exp) is
higher thanKd . Also we observed that the measured lifetim
of the Er31(4I 11/2) state in codoped samples is shorter~2.4–
5.4 ms! than the measured lifetime of the isolate
Er31(4I 11/2) ion ~;7 ms!. We verify also that this lumines
cence lifetime difference enhances with the Yb concentra
increasing for codoped samples. This lifetime effect o
served in the Er31(4I 11/2) state suggests that the Yb31 ions
located nearby the Er31 ion increases the electron–phono
coupling enhancing its multiphonon decay rate and con
quently decreasing the lifetime of the4I 11/2→4I 13/2 transi-
tion.

IV. DISCUSSION AND CONCLUSIONS

The results of the investigation of Er luminescence at
mm showed that the Yb→Er energy transfer is dominated b
the acceptor luminescence solution according to the Inoku
Hirayama model, however, with the transfer parameteg
larger than that predicted by theory.16 This mechanism was
observed valid for all codoped samples used in this w
~three sample sets!. This physical effect is consistent with th
assumption of the existence of fast excitation diffusio
which modifies the excitation distribution among donor a
acceptor ions induced after laser excitation. This fast exc
tion diffusion occurs in a short time (t!g22) leading to
donor excitation approximates to the acceptor ion. Sub
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

, 14 Jan 2014 13:08:41



fer

okuti–

by Eq.
r in the

3878 J. Appl. Phys., Vol. 93, No. 7, 1 April 2003 da Vila et al.

 [This article is copyrighted a
TABLE II. The experimental values ofg parameters obtained from best fit using Eq.~16! derived from the fast
exciton diffusion and Inokuti–Hirayama type energy-transfer for three sets of Yb(x):Er(y):ZBLAN composi-
tions. Theoretic values ofg parameters andKd were obtained from the microscopic theory of energy trans
based on the random walk problem involving excitation migration by diffusion through donors states~diffusion
model!.

Yb:Er:ZBLAN
~mol %!

Transfer parameter
~s21/2!

g2(103 s21)
~exp!a

Kd(103 s21)
~theor!c

tA (ms)
~exp!b

k(103 s21)
~exp!d~x! ~y! g~theor!a g~exp!b

0.2 1 54.8 127.061.9 16.1 0.7 6.0760.09 17.660.4
0.3 1 54.8 128.761.3 16.6 1.0 5.4160.05 18.260.3
0.5 1 54.8 124.461.2 15.5 1.6 4.4360.04 18.660.3
1 1 54.8 160.462.9 25.7 3.3 3.8060.06 27.160.7
3 1 54.8 277.663.2 77.1 9.8 2.7160.04 82.261.5
4.5 1 54.8 407.263.9 165.8 14.7 2.4460.03 156.362.2
6 1 54.8 484.965.6 235.1 19.7 2.3760.02 256.063.1

1 2 113.7 246.863.9 60.9 6.8 4.5660.05 58.861.6
1 3 171.0 285.965.2 81.7 10.2 4.2860.05 64.661.4
1 4 229.6 416.964.9 173.8 13.7 4.2460.03 147.463.1
1 5 283.6 464.866.3 216.0 16.9 4.1860.05 182.163.3

6 0.1 5.7 437.1618.3 191.1 2.1 1.9060.09 148.367.1
6 0.2 11.4 409.168.5 167.4 4.1 2.3560.06 148.963.8
6 2 113.7 564.166.3 318.2 40.8 2.3960.02 305.062.9
6 3 171.0 692.666.2 479.7 61.4 2.3060.02 496.064.5
6 4 229.6 670.668.5 449.7 82.5 2.1360.02 480.163.5
6 5 283.6 695.168.6 483.2 101.9 1.8160.02 494.363.6

aCalculated values using the Inokuti–Hirayama theory~Ref. 16!.
bExperimental data obtained from best fit of the acceptor luminescence transient obtained using the In
Hirayama approach, Eq.~16!.

cCalculated values using the diffusion model~Ref. 20!.
dExperimental data obtained from best fit of the acceptor luminescence solution of rate equations given
~8!.~a,c! Deviation estimation of these calculated parameters was 10% considering the propagation erro
absorption measurements.
E
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quently, the Yb→Er energy transfer takes over leading the
luminescence to exhibit a rising curve dominated bye2gAt.
This proposed model is consistent with the observation
g~exp!@g~theor! and g2(exp).Kd . There are two cases o
D→A energy transfer~ET! considering the excitation migra
tion. In the first, ET~1! is composed by fast diffusion amon
donors followed by the direct energy transfer. In the seco
ET~2! is due to a diffusion assisted energy transfer. T
transfer rate of ET~1! is g2(exp) andg2(theor)1Kd is the
transfer rate of ET~2!. The efficiency of ET~1! was calculated
considering the competition between ET~1! and ET~2! pro-
cesses given

eff~1!5
g~exp!2

g~exp!21g~ theor!21Kd
. ~17!

Figure 7~a! shows the calculated efficiency of ET~1! as a
function of Yb concentration~0.1–6! mol % of codoped
samples having 1 mol % of Er31. Figure 7~a! shows that
ET~1! always dominates theD→A energy transfer. It effi-
ciency is;0.74 for small Yb concentration~,1 mol %! and
saturates near 0.95 for larger concentration~.10 mol %!.
Figure 7~b! shows the ET~1! efficiency dependence on E
concentration for two cases of Yb codoped samples wit
and 6 mol %. The result of Fig. 7~b! indicates that the fas
excitation ~or exciton! diffusion is limited by some critical
acceptor concentration. Assuming a random distribution
tween donor and acceptor ions in the ZBLAN matrix, we c
s indicated in the article. Reuse of AIP content is sub

186.217.234.225 On: Tue
r

at

d,
e

1

e-
n

calculate the fraction of donor~or acceptor! ions that has
another neighbor donor~or acceptor! placed at the distance
betweenR andR1dR using that

f i~R!dR5
4pR2

R0
3 ~12ni !

4pR3/3R0
3
22dR, ~18!

wherei 51 is used for donor–donor distribution andi 52 for
donor–acceptor distribution.R0

3 is the mean volume of a
hypothetic ion in glass matrix andni is the donor~or accep-
tor! concentration in molar fraction. The most simple way
calculate the efficiency of ET~1! consists of assuming th
existence of a critical distanceRC1

between donors for the

exciton diffusion efficiency and the critical distanceRC2
be-

tween donor–acceptor for the exciton scattering efficien
Let us assume that the fast exciton diffusion mechanism
hdiffusion51 for donors separated by the distanceR<RC1

and

hdiffusion5h0 for those havingR.RC1
. Second, the exciton

scattering mechanism hashscatter51 for donors having an
acceptor ion at the distanceR<RC2

and hscatter50 if R

.RC2
. The mean efficiency of fast exciton diffusion withou

scattering effects is given by
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h̄diffusion51E
0

RC1
f 1~R!dR1h0E

RC1

`

f 1~R!dR

512~12h0!expS 2
4p

3
RC1

3 NDD , ~19!

h̄scatter51E
0

RC2
f 2~R!dR10E

RC2

`

f 2~R!dR

512expS 2
4p

3
RC2

3 NAD , ~20!

whereND andNA are the donor~Yb! and acceptor~Er! con-
centrations in ions/cm3. The total efficiency of exciton diffu-
sion mechanism in ET~1! was obtained using thath
5h̄diffusion(12hscatter) and the distribution function given b
Eq. ~18!. Two expressions for the exciton diffusion efficienc
were obtained: Eq.~21! for Yb concentration dependenc
and Eq.~22! for Er dependence.

h512a expS 2
ND

NC1
D , ~21!

h5b expS 2
NA

NC2
D , ~22!

FIG. 7. The calculated efficiency of the ET~1! process as a function of Yb
concentration is represented by square symbols in~a! and the solid line is
the best fitting using Eq.~21!. The circles and triangles are representing t
calculated values of ET~1! as a function of@Er# concentration and solid lines
are the best fitting using Eq.~22!. The critical radii involved in the fast
exciton diffusion are indicated.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

186.217.234.225 On: Tue
a, b, NC1
, andNC2

are the fitting parameters (NC1
andNC2

are the critical concentrations related to the critical d
tances!. a and b were also calculated from the critical con
centrations~or critical radii!. Figures 7~a! and 7~b! show the
efficiency of the ET~1! process calculated from Eq.~17!.
Figure 7~a! exhibits the Yb concentration dependence a
Fig. 7~b!, the Er concentration dependence. Best fitting
ET~1! efficiency behavior exhibited in Figs. 7~a! and 7~b!
was obtained, respectively, from Eqs.~21! and ~22! ~solid
lines!. A critical distance (RC1

) of 7.22 Å was obtained giv-
ing the critical concentration of 6.3431020Yb31 ions/cm3.
In addition, a critical concentration of 3.
31021Er31 ions/cm3 @or the critical radius (RC2

) of 4.29 Å#

was obtained from best fitting of Fig. 7~b!. The respective
values 0.87 and 0.98 were obtained for theb parameter using
Eq. ~22!, for the two sets of sample composition
Yb31(1%):Er(x%) and Yb(6%):Er(x%). Similar values
of the b parameter were estimated from the critical conce
tration of Yb31 ~0.84 and 0.96, respectively!. h0 of 0.78 was
estimated using thea parameter value which is consiste
with our experimental observation that ET~1! dominates the
Yb→Er energy transfer in ZBLAN at least for the maximu
concentration investigated in this work (
31021Er31 ions/cm3).

Our main conclusion is that the fast excitation diffusio
occurs in a very short time changing the initial excitati
distribution among Yb31 ions strongly affecting the mecha
nism of the Yb–Er energy transfer. The measured time
pendence of acceptor luminescence is compatible with
energy transfer mechanism given in the Inokuti–Hiraya
approach not involving excitation migration. However, t
experimental value of theg parameter is always larger tha
the expected values.16 In spite of this, the fast exciton diffu-
sion always dominates the excitation migration despite
~Yb:Er! composition. The method of analyzing the accep
luminescence employed in this work constitutes an import
tool to investigate the mechanism of resonant energy tran
among triply ionized rare earth ions in solids, and can
applied to other solid materials, as crystals. It is importan
mention that the fast diffusion effects observed for Yb–
energy transfer in ZBLAN may be present in any other re
nantD→A energy transfer with a microscopic donor–don
transfer constantCDD>6.8310239cm6/s. The Tm(3F4)
→Ho(5I 7) energy transfer in YLF crystal which hasCDD

512.4310239cm6/s,21 could be a good candidate to app
this model to investigate the time evolution of the Ho(5I 7)
luminescence at 2mm after a short time laser excitation o
the Tm(3F4) state.
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