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Nd3¿\Yb3¿ energy transfer in the YAl3„BO3…4 nonlinear laser crystal
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The main properties of the Nd31→Yb31 (4F3/2, 2F7/2→4I 9/2, 2F5/2) energy transfer in yttrium aluminum
borate nonlinear laser crystal have been studied. This host has been found especially suitable for efficient
Nd31→Yb31 energy transfer because of the good matching between phonon energy and the
4F3/2(Nd31)-2F7/2(Yb31) energy gap~>1000 cm21!. Energy-transfer probabilities in excess of 65% have
been obtained for a Nd31 ~10 at. %! and Yb31 ~5 at. %! codoped sample. The influence of both crystal
temperature and Nd31 concentration on the transfer probability has been investigated. In the 15–350 K range
the Nd31→Yb31 energy-transfer efficiency increases with temperature, whereas for crystal temperatures
above 350 K the Nd31←Yb31 back transfer is activated, leading to a decrease in the effective Nd31

→Yb31 energy-transfer probability. The analysis of the decay curves obtained after pulsed excitation has been
used to determine the multipole character of the Nd31-Yb31 interaction. The donor-acceptor energy-transfer
microparameter was determined@CDA(Nd31→Yb31)>18310239 cm6/s#, and compared to those obtained
for other Nd31-Yb31 co-doped materials.

DOI: 10.1103/PhysRevB.68.035118 PACS number~s!: 42.55.Rz, 42.70.Hj, 42.62.Fi, 42.70.Mp
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I. INTRODUCTION

Laser action in the infrared from Yb31 ions shows severa
interesting properties when compared to the more pop
Nd31 ion based lasers, including the absence of excited-s
absorption processes, the possibility of a certain tunab
range in the IR, as well as of mode-locking operation.1–6

Yb31-doped nonlinear crystals have recently attracted m
attention as potential solid-state laser materials emitting
the green spectral domain by self-frequency doubling~SFD!
of its infrared~IR! laser line~l>1 mm!.7–10

The simple energy-level diagram of Yb31 provides only
one possible pump channel at around 10 000 cm21.3,4 This
unique pump channel does not allow the extension of
visible range covered by Yb31-doped nonlinear lasers b
self-frequency sum mixing~SFSM! processes involving
pump and laser radiations, as it happens for Nd31 ion based
nonlinear laser crystals.11–13For these lasers, SFSM has be
successfully used because of the multiple Nd31 pump chan-
nels, leading to laser generation from the ultraviolet to
green.11–13Therefore it would be very interesting to combin
the multiple pump possibilities of Nd31 ions with the good
IR laser properties of Yb31 ions. Thus Nd31 and Yb31 co-
doped nonlinear crystals emerge as promising systems
tunable and pulsed laser generation in the visible domai

Among all the rare-earth doped nonlinear crystals sho
ing SFD in the green, Yb31-doped yttrium aluminum borate
@YAl 3(BO3)4#, known as Yb31:YAB, has been demon
strated to be the most efficient system~even more than
0163-1829/2003/68~3!/035118~9!/$20.00 68 0351
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Nd31:YAB).14–17YAB belongs to the trigonal system, spac
group R32 ~huntite structure! with cell parametersa5b
59.295 Å and c57.243 Å, andZ53.18 The Y31 sites,
which are assumed to be occupied by both Yb31 and Nd31

dopant ions, have sixfold oxygen coordination and trigo
prismatic geometry withD3 point symmetry. YAB presents a
high nonlinear coefficient (deff51.42 pm V21),10 high opti-
cal quality, good mechanical strength, good thermal cond
tivity, chemical stability, and absence of photorefracti
damage. In addition, its dispersion relations for the refract
indices allows for a broad infrared-to-visible conversi
range~from the UV to the red!.11–14

The properties of Nd31 ions in YAB have been exten
sively studied in the past, showing interesting features s
as intense absorption bands and absence of excited-
absorption.19,20 Thus it is expected that the combination
the good properties of Yb31 and Nd31 ions in YAB could
lead to an efficient Yb31 laser oscillation under Nd31 pump-
ing via energy transfer. The potential application of this s
tem requires a good understanding of the mechanisms
volved in the energy-transfer process.

In this work we have studied the optical properties
Nd31 and Yb31 co-doped YAB crystals. The Yb31 ~accep-
tor! concentration was kept constant at 5 at. %~the usual
Yb31 concentration for efficient IR laser generation20! while
the Nd31 ~donor! concentration was varied between 0.2 a
10 at. %. The variation of the donor concentration in t
presence of a fixed acceptor concentration is justified
cause the absorption coefficient at pump wavelength~in-
©2003 The American Physical Society18-1
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D. JAQUEet al. PHYSICAL REVIEW B 68, 035118 ~2003!
creasing with donor concentration! is a crucial parameter in
the optimization of the pumping efficiency.21,22 As a conse-
quence, the variation of energy-transfer efficiency with
donor (Nd31) concentration would be a required parame
for further modeling of the Nd31; Yb31:YAB SFSM system.
The analysis of the emission spectra obtained after N31

excitation has given detailed information on the influence
both donor concentration and crystal temperature on
Nd31→Yb31 transfer efficiency. Thermally activated Nd31

←Yb31 back transfer has also been detected from the em
sion spectra obtained under Yb31 excitation. Finally, the
analysis of the decay curves has allowed us to determine
multipolar character of Nd31-Yb31 interaction as well as to
estimate the microparameter of the energy-transfer proc

II. EXPERIMENTAL DETAILS

Co-doped Nd31; Yb31:YAB crystals were grown by the
flux growth method,23 using K2Mo3O101B2O3 as a solvent
in the 1200–700 °C temperature range, starting from reag
grade K2CO3 and H3BO3, 99.5% MoO3, and 99.99%
Y2O3. The dopants, substituting Y31, were added in suitable
amounts as 99.99% Nd2O3 and Yb2O3. The Yb31 concen-
tration was fixed at 5 at. % whereas the Nd31 concentration
was varied from 0.2 to 10 at. %~0.2, 2, 4, 6, and 10 at. %!.
Good optical quality crystals with a size of about 131
33 mm3 were obtained. Larger YAB crystals up to abo
20312310 mm3 in size can be grown by means of the to
seeded solution growth technique~TSSG!,10 not available in
our laboratory.

For continuous-wave fluorescence spectra a 0.6-W fi
coupled diode tuned to 807 nm and an argon pumped Ti:
phire laser~Spectra Physics, model 3900! tuned to 980 nm
were used. The emission experiments under pulsed excita
were performed by using an optical parametric oscilla
~OPO Quanta Ray! which provides 10-ns pulses with an a
erage energy of 10 mJ. OPO wavelength was 520 and
nm for Nd31 and Yb31 excitation, respectively. The lumi
nescence was dispersed by a 500 M SPEX monochrom
and detected with a calibrated Ge detector or a cooled p
tomultiplier. In continuous-wave fluorescence experime
the signals were recorded by using an EG&G lock-in am
fier. Decay time measurements were performed using a
tronix 2400 digital storage oscilloscope. Temperature w
varied between 15 and 600 K by mounting the samples
Leybold temperature-controlled closed-He-cycle cryostat

Finally, Raman measurements were carried out usin
small optically polished single crystal. The 488.0-nm line
a Spectra-Physics Stabilite 2017 argon laser was used to
tain room-temperature Raman spectra. A fiber-optic pr
coupled to a Dilor Superhead, equipped with a suitable no
filter, was employed. The scattered signal was analyzed
Jobin-Yvon HR460 monochromator and a charge-coup
device~CCD! detector. Spectra were collected using a 12
lines/mm grating with a spectral resolution of about 1 cm21.

III. RESULTS AND DISCUSSION

A. Suitability of YAB lattice for efficient Nd 3¿\Yb3¿

energy transfer

Figure 1 shows the schematic energy-level diagrams
Nd31 and Yb31 ions in YAB. As for other Nd31; Yb31
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co-doped crystals and glasses there is an energy gapDE
between the4F3/2 (Nd31) and 2F5/2 (Yb31) metastable ex-
cited states. As a consequence, resonant energy trans
not possible. Nevertheless, energy transfer between triva
neodymium and ytterbium ions has been reported in sev
crystalline and glass hosts and attributed to the4F3/2,
2F7/2→2I 9/2, 2F5/2 phonon-assisted process.24,25The Dexter
model,26 widely used to characterize the resonant ene
transfer, predicts a linear relationship between the tran
probability (Wt) and the spectral overlap between don
emission and acceptor absorption bands, so that26

Wt}E f d~E! f a~E!

E2 dE, ~1!

where f a(E) and f d(E) are the line-shape functions of th
acceptor absorption and donor emission cross sections
spectively. Figure 2~a! shows the unpolarized room
temperature emission cross section of Nd31 ions (4F3/2
→4I 9/2) and the Yb31 absorption (2F7/2→2F5/2) cross sec-
tion in YAB. The spectra shown in Fig. 2~a! were obtained
from singly (Nd31 or Yb31) doped YAB crystals. As can be
observed, spectral overlap is negligible and efficient Nd31

→Yb31 energy transfer requires the participation of one
more phonons. The Dexter model can be easily general
to the nonresonant phonon-assisted energy-transfer cas
taking into account the energy of the phonon involved (Eph)
as well as the phonon density.27 If we assume that only one
phonon is involved,

Wt}I ~Eph!5
eEph /kT

eEph /kT21 E f d~E2Eph! f a~E!

E2 dE, ~2!

whereI (Eph) is here defined as the phonon-assisted over
By using the cross-section spectra of Fig. 2~a! we have

calculated theI (Eph) function at room temperature for pho
non energies up to 1400 cm21. Results are shown in Fig. 2~b!
~dotted line!. The unpolarized Raman spectrum of YAB
also shown in this figure~solid line!. The maximum phonon-
assisted overlap is obtained for phonon energies of ab
1070 cm21, very close to the most intense Raman mode
YAB ~1030 cm21!. Thus, in the case of YAB, Nd31-Yb31

FIG. 1. Schematic energy-level diagram of Nd31 and Yb31

ions.
8-2
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Nd31→Yb31 ENERGY TRANSFER IN THE YAl3(BO3)4 . . . PHYSICAL REVIEW B68, 035118 ~2003!
energy-level mismatch can be efficiently covered by
single emission of one of these phonons although the par
pation of phonons with other energies cannot be comple
disregarded. This coincidence strongly suggests that Y
crystal is a good candidate for efficient Nd31-Yb31 energy
transfer.

B. Determination of the energy-transfer efficiency:
Influence of Nd3¿ concentration

Figure 3 shows the room-temperature unpolarized em
sion spectra obtained for all the Nd31 concentrations used in
this work. Excitation was made by a laser diode tuned to 8
nm. In order to avoid local crystal heating and up-convers
processes we used a pump power of 20 mW. All the spe
shown in Fig. 3 were normalized to the value obtained
890 nm ~a wavelength within the4F3/2→4I 9/2 Nd31 emis-
sion!. The broad emission range~from 850 to 1120 nm!
is due to both Nd31 ( 4F3/2→4I 9/2 and 4F3/2→4I 11/2) and
Yb31 (2F5/2→2F7/2) transitions. Thus Fig. 3 is a clear ev
dence of the existence of an efficient Nd31→Yb31 energy
transfer. As we will see in Sec. III D, the reduction in th
Nd31 fluorescence lifetime caused by the Nd31→Yb31

transfer rate indicates a nonradiative mechanism. It can
also observed in Fig. 3 how the Yb31 emission intensity
increases with the Nd31 concentration.

From the data displayed in Fig. 3 it is possible to det
mine the energy-transfer efficiency for each Nd31 concentra-

FIG. 2. ~a! Nd31 emission and Yb31 absorption cross section
~b! Phonon-assisted overlapI (Eph) as a function of phonon energ
~dotted line!. Room-temperature Raman spectrum of YAB~solid
line!.
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tion. If we denote asnNd1
, nNd2

, nYb1
, andnYb2

the popula-

tion densities of the4I 9/2, 4F3/2, 2F7/2, and 2F5/2 states,
respectively~see Fig. 1!, the rate equations governing th
level populations of these states are

dnNd1

dt
52PnNd1

1~WNd
nr 1WNd

r !nNd2
1WtnNd2

nYb1

2WbtnNd1
nYb2

52
dnNd2

dt
, ~3!

dnYb1

dt
5~WYb

nr 1WYb
r !nYb2

1WbtnNd1
nYb2

2WtnNd2
nYb1

52
dnYb2

dt
, ~4!

where P is the optical pump rate,WNd
r 1WNd

nr is the total
de-excitation rate of Nd31 excited ions in the absence o
energy transfer (WNd

r andWNd
nr being the Nd31 radiative and

nonradiative decay probabilities, respectively!, WYb
r 1WYb

nr is
the total de-excitation probability of Yb31 excited ions in the
absence of energy transfer (WYb

r and WYb
nr being the Yb31

radiative and nonradiative decay probabilities, respective!,
Wt is the Nd31→Yb31 energy-transfer term andWbt is the
Nd31←Yb31 back-transfer term. As we will see in next se
tion, back transfer at room temperature~RT! can be consid-
ered negligible with respect to Nd31→Yb31 transfer (Wbt
!Wt at RT!. Under these conditions, the energy-transfer
ficiency h t ~defined as the number of Nd31 ions de-excited
via Yb31 emission divided by the total number of Nd31 ions
de-excited per unit of time! can be written as

h t5
WtnYb1

WNd
r 1WNd

nr 1WtnYb1

. ~5!

FIG. 3. Room-temperature emission spectra obtained from
the samples used in the present work. The pump wavelength
807 nm.
8-3
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D. JAQUEet al. PHYSICAL REVIEW B 68, 035118 ~2003!
The number of Yb31 ions excited per unit of time due t
the Nd31→Yb31 transfer is given bynNd2

WtnYb1
. This can

be evaluated from the emission spectra, which is taken un
continuous excitation:28

nNd2
WtnYb1

5
a

hYb
E

850 nm

1100 nm

I lum
Yb ~l!dl, ~6!

where I lum
Yb is the luminescence intensity of wavelengthl

emitted by Yb31 ions,hYb is the fluorescence quantum effi
ciency of the 2F5/2 state @hYb'0.9 ~Ref. 10!# and a is a
constant which includes the mean emission wavelength
well as the absolute spectral response of the experime
setup. As we will see the evaluation of this constant is
necessary for determining the energy-transfer efficiency.

Previous studies have determined that the fluoresce
quantum efficiency of the metastable state of Nd31 ions in
YAB, hNd , is as low as 0.18.19,29As a consequence,

hNd5
WNd

r

WNd
r 1WNd

nr '0.2⇒WNd
r 1WNd

nr '5.6WNd
r . ~7!

The radiative rate of Nd31 ions, WNd
r , can be also ob-

tained from the contribution of Nd31 ions to the emission
spectra shown in Fig. 3. For this purpose, it is important
take into account that both4F3/2→4I 13/2 and 4F3/2→4I 15/2
Nd31 emission bands~located at 1.3 and 1.8mm, re-
spectively! have not been recorded. The branching rat
corresponding to the four transitions originating from t
4F3/2 metastable state have been previously repo
@b 4I 9/2

1b 4I 11/2
'9b 4I 13/2

and b 4I 15/2
'0 ~Ref. 19!#. As a

consequence,28

WNd
r 1WNd

nr 55.6WNd
r 5

5.6a

nNd2

E
850 nm

2000 nm

I lum
Nd ~l!dl

5
6.2a

hNd2

E
850 nm

1100 nm

I lum
Nd ~l!dl, ~8!

whereI lum
Nd ~l! is the luminescence intensity of wavelengthl

emitted by Nd31 ions, a is the coupling constant, which i
assumed to be the same as that of expression~6! since the
Nd31 and Yb31 emissions considered here occur in the sa
spectral range~similar mean emission wavelengths!. Com-
bining Eqs.~5!, ~6!, and ~8! the transfer efficiency can b
expressed as

h t5
1.1*850 nm

1100 nmI lum
Yb ~l!dl

6.2*850 nm
1100 nmI lum

Nd ~l!dl11.1*850 nm
1100 nmI lum

Yb ~l!dl
~9!

so that the evaluation of the coupling constanta is no longer
necessary.

Figure 4 shows the dependence of transfer efficiency
Nd31 concentration obtained by applying expression~9! to
the room-temperature emission spectra shown in Fig. 3.
Nd31→Yb31 energy-transfer efficiency increases wi
Nd31 ~donor! concentration~from 0.40 up to 0.65 when the
Nd31 content is increased from 0.2 to 10 at. %!. This behav-
ior could be in principle attributed to the decrease in
average Nd31-Yb31 distance,d, caused by the increment i
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donor concentration. As a matter of fact, this distance is u
ally estimated byd5@3/4pN#1/3 where N is the total
(acceptor1donor) density of ions~both Nd31 and Yb31 ions
occupy the same Y31 lattice site!.25

The values obtained for energy-transfer efficiency c
be compared with those reported for YAlO3 (h t50.79 for
1 and 2 at. % of Nd31 and Yb31, respectively!,24

for NaGdWO4 (h t50.58 for 2 and 2 at. % of Nd31 and
Yb31, respectively!,30 for Ba2MgGe2O7 (h t50.2 for 2 and
2 at. % of Nd31 and Yb31, respectively!31 and for LiYF4
(h t50.58 for 2 and 2 at. % of Nd31 and Yb31,
respectively!.32 Due to the differences in the crystal stru
tures and in the Nd31 and Yb31 concentrations, a direc
quantitative comparison of these values is not possible. N
ertheless, it is reasonable to say that the transfer efficie
obtained in our most concentrated sample (h t50.65) is
among the highest values reported for Nd31-Yb31 co-doped
crystals. This ensures an efficient population of excited Yb31

ions under direct excitation of Nd31 ions.

C. Influence of crystal temperature: Evidence of thermally
activated Nd3¿]Yb3¿ back transfer

The low quantum efficiency of the4F3/2 metastable state
of Nd31 ions in YAB @hNd'0.18 ~Refs. 19, 29!# is a conse-
quence of a large nonradiative decay probability from
metastable state. As a consequence, under high or mod
pump intensities a strong pump induced crystal heating
observed in Nd31:YAB laser crystals.33,34The thermal load-
ing caused by pump radiation depends on several fac
such as pump wavelength, pump geometry, and on
presence/absence of stimulated emission.35 For pump powers
of 1 W crystal temperatures above 100 °C have been repo
in a diode pumped Nd31:YAB laser crystal oscillating at
1.062mm.34,35 This pump induced crystal heating would b
also present in a Nd31; Yb31:YAB laser system pumped
through Nd31 ions. Therefore it is necessary to get a furth
understanding on the influence of temperature in the Nd31

→Yb31 transfer efficiency.
Figure 5 shows the unpolarized emission spectra obta

from the Nd31 ~10 at. %!; Yb31 ~5 at. %!:YAB sample at

FIG. 4. Nd31→Yb31 room-temperature energy-transfer ef
ciency as a function of Nd31 concentration. Dots are experiment
data obtained from emission spectra and the dotted line is a g
for the eyes.
8-4
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Nd31→Yb31 ENERGY TRANSFER IN THE YAl3(BO3)4 . . . PHYSICAL REVIEW B68, 035118 ~2003!
different temperatures, with an excitation wavelength of 8
nm. Special care was taken in order to avoid pump indu
local heating of the YAB crystal. It is clear that Nd31

→Yb31 transfer is taking place in all the temperature ran
under investigation~from 15 to 600 K!. From data displayed
in Fig. 5 it is possible to estimate, in a first-order appro
mation, the temperature dependence of the Nd31→Yb31

energy-transfer efficiency by applying Eq.~9!. Results ob-
tained are shown in Fig. 6. A nonmonotonic behavior is o
tained. In the 15–350-K range the transfer efficiency
creases with temperature. A further increment in the cry
temperature produces a significant decrease in the tran
efficiency. The net Nd31→Yb31 transfer efficiency can
change with temperature because of different causes. T
are: ~i! modifications in the population distribution amon
the Stark levels leading to changes in the spectral profile
the Nd31 and Yb31 bands,~ii ! thermally induced line broad
ening of emission and absorption bands,~iii ! changes in the
probability of phonon-assisted processes~changes in the as
sisting phonon density!, and ~iv! thermally activated Nd31

←Yb31 back transfer. The relative importance of these
fects determines the final temperature dependence of
energy-transfer efficiency. However, the quantitative eval
tion of these effects is complicated and lies outside the sc
of this paper. The transfer efficiency behavior in the 1
350-K range seems to be determined by the increase o
assisting phonon density. As we will see, thermally activa

FIG. 5. Temperature dependence of the unpolarized emis
spectra obtained from the Nd31 ~10 at. %! and Yb31 ~5 at. %! co-
doped YAB sample. The pump wavelength was 807 nm.
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Nd31←Yb31 back transfer causes the decrease of tran
efficiency for temperatures above 350 K.

In order to check the presence of Nd31←Yb31 back
transfer we have performed emission experiments by ex
ing the sample at 945 nm (Yb31 ions excitation!. In the
absence of Nd31←Yb31 energy transfer, the emission spe
trum should be composed only of the emissions correspo
ing to the 2F7/2→2F5/2 (Yb31) transition~broad band cen-
tered around 1mm!. The activation of Nd31←Yb31 energy
transfer would be detected by the presence of Nd31 bands in
the emission spectrum~at 0.89 and 1.06mm!. Figure 7 shows
the unpolarized emission spectra obtained from the Nd31 ~10
at. %!; Yb31 ~5 at. %!:YAB sample at 15, 300, and 600 K
From this figure it is clear that Nd31 emission bands~marked
by arrows! are only appreciable when the crystal temperat
is above 300 K, this being a clear evidence of the tempe
ture activated Nd31←Yb31 energy back transfer. Following
the same arguments as in Sec. III B!, the Nd31←Yb31 back
transfer efficiencyhbt can be calculated from emissio
spectra by

hbt5
6.2*850 nm

1100 nmI lum
Nd ~l!dl

6.2*850 nm
1100 nmI lum

Nd ~l!dl11.1*850 nm
1100 nmI lum

Yb ~l!dl
.

~10!

We have calculated the temperature dependence of
Nd31←Yb31 back transfer efficiency by measuring the u
polarized emission spectra in the 800–1100-nm range un
Yb31 excitation~these spectra are not shown for the sake
brevity!. The results are shown in Fig. 8. Due to the requi
ment of phonon annihilation~absorption!, Nd31←Yb31

transfer is only appreciable when the temperature is ra
above 350 K. As a consequence, it is now clear that
decrease in the net Nd31→Yb31 transfer efficiency for tem-
peratures above 350 K is related to thermally activa
Nd31←Yb31 back transfer which produces an overall r
duction ~increment! in the Yb31 (Nd31) steady-state popu
lation. Data shown in Fig. 6 indicates that in a Nd31;

on

FIG. 6. Temperature dependence of the Nd31→Yb31 energy-
transfer efficiency as obtained from emission spectra. Dots are
experimental data obtained from the Nd31 ~10 at. %! and Yb31 ~5
at. %! co-doped YAB sample and the dotted line is a guide for
eyes.
8-5
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Yb31:YAB laser operating at the Yb31 emission through
Nd31 pumping, thermal control and stabilization of ga
medium is required for efficient and stable pumping e
ciency.

D. Analysis of the decay curves

In this section the decay curves obtained under pul
excitation are analyzed in order to determine some impor
parameters of the Nd31→Yb31 energy transfer such as th
nature of the Nd31-Yb31 coupling and the energy-transfe
microparameter. Furthermore, lifetime measurements
also used to determine the radiative or nonradiative mec
nism of the Nd31→Yb31 energy transfer.

Figure 9 shows the decay curves of the room-tempera
luminescence of Nd31 ions from the4F3/2 state~monitored
at 890 nm! obtained for all the Nd31 concentrations used in
this work. As can be observed the decay curves are stro
dependent on the Nd31 ~donor! concentration. In addition to
the method described in Sec. III B!, the transfer efficiency
can be also calculated from decay time experiments by25,36

h t512
tNd-Yb

tNd
, ~11!

wheretNd andtNd-Yb are the4F3/2 fluorescence lifetime ob
tained for Nd31 and Nd31;Yb31 co-doped samples~with the

FIG. 7. Unpolarized emission spectra obtained from the Nd31

~10 at. %! and Yb31 ~5 at. %! co-doped YAB sample at 15, 300
and 600 K. The pump wavelength was 945 nm. Arrows indic
the spectral position of Nd31 emission. The laser line has bee
removed.
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same Nd31 concentration!, respectively. Figure 10~a! shows
the concentration dependence oftNd-Yb ~here defined as the
time at which the fluorescence intensity has decayed toe21

of its initial value!. The variation of the4F3/2 fluorescence
lifetime with concentration for singly doped Nd31 crystals
tNd is given by33

tNd5
60 ms

110.02nNd
, ~12!

wherenNd is the total Nd31 concentration in the crystal in
at. % units. The concentration dependence of Nd31 fluores-
cence lifetime@as obtained from Eq.~12!# is also shown in
Fig. 10~a! ~full line!. It is then possible to determine th
energy-transfer efficiency as a function of donor concen
tion. The values forh t obtained from expressions~11! and
~12! are represented in Fig. 10~b!. There is a good agreemen
between energy-transfer efficiencies obtained from emiss

e

FIG. 8. Temperature dependence of the back transfer efficie
calculated from emission spectra. Dots are experimental data
tained from Nd31 ~10 at. %! and Yb31 ~5 at. %! co-doped YAB
sample and the dotted line is a guide for the eyes.

FIG. 9. Time evolution of the room-temperature Nd31 fluores-
cence obtained for all the samples used in this work.
8-6
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spectra and those calculated from decay time measurem
@see Figs. 4 and 10~b!#. This good agreement indicates tha
if radiative energy transfer is taking place, its contribution
the total Nd31→Yb31 transfer can be considered negligib
~radiative energy transfer does not cause any reductio
donor lifetime28!.

The decay curves shown in Fig. 9 are clearly nonex
nential. According to previous models the time depende
of donor luminescence following a short excitation may
written as37–41

I ~ t !5I 0 expF2
t

t0
2p~ t !G5I 0 exp@2at2p~ t !#, ~13!

wheret0 is the intrinsic lifetime of donor ions,t is the time
after excitation, and the functionp(t) describes the effect
of interactions involving both Nd31 and Yb31 ions, i.e., ex-
citation energy migration over donors, self-quenching of d
nor luminescence, and excitation energy transfer to acc
tors. The time dependence ofp(t) depends on the multipola
donor-acceptor (Nd31-Yb31) couplings. When energy mi
gration over donors may be neglected,p(t) has a Fo¨rster-
like time dependence:41,42

p~ t !5gSt3/S, ~14!

wheregS is a time independent constant andS56, 8, and 10
stands out for dipole-dipole, dipole-quadrupole, a

FIG. 10. ~a! Room temperature Nd31 lifetime as a function of
Nd31 concentration in the presence (tNd-Yb : solid circles! and
absence (tNd : solid line! of Yb31 ions.~b! Nd31→Yb31 transfer
efficiency calculated from data displayed in Fig. 10~a!. The dotted
lines are guides for the eyes.
03511
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quadrupole-quadrupole interactions. Since energy migra
between donors has been neglected in expression~14!, it
could only be applied to the decay curves obtained from
sample with the lowest donor (Nd31) concentration~0.2
at. %!. Figure 11 shows the time dependence of the Nd31

fluorescence obtained from the 0.2-at. %-doped sam
Open circles are experimental data and solid lines are
best fits to Eqs.~13! and ~14! by assuming dipole-dipole (S
56), dipole-quadrupole (S58), and quadrupole-quadrupol
(S510) couplings. The best agreement between experim
tal data and theoretical fit is obtained forS56. These results
indicate that the dipole-dipole interaction is dominant in t
energy-transfer process. Nevertheless, some contributio
the dipole-quadrupole interaction cannot be disregard
This conclusion is in agreement with the Nd31-Yb31 inter-
action character observed in other Nd31-Yb31 co-doped
hosts.25,37 Once the main multipolar character has been
termined it is then possible to estimate the donor-acce
microparameter for the Nd31-Yb31 interactionCDA

Nd-Yb . For
a dipole-dipole interaction the Nd31→Yb31 energy-transfer
microparameter is given by40–42

g6
Nd-Yb5 4

3 p3/2rAACDA
Nd-Yb, ~15!

whererA is the acceptor density. From the fitting of Fig. 1
to expression~14! a value ofg6

Nd-Yb'0.803103 s21/2 has
been obtained. Then, by using expression~15! we have ob-
tainedCDA

Nd-Yb518310239 cm6 s21. This value is higher than
CDA

Nd-Yb53.8310239, 2.4310239, 0.34310239, 1.6310239,
and 6.0310239 cm6 s21 obtained for tellurite,37 Pb-
ultraphosphate,37 fluoroindogallate,25 metaphosphate,43 and
borate glasses.44 Among all the values reported for th
CDA

Nd-Yb parameter, the highest have been obtained in bo
compounds~crystals and glasses!. This fact can be related to
the high-energy phonons associated with the (BO3) group,
so that the number of phonons required to cover the ene

FIG. 11. Room-temperature time dependence of Nd31 emission
obtained for the Nd31 ~0.2 at. %! and Yb31 ~5 at. %! co-doped YAB
sample. Open circles are experimental data and solid lines
the best fits to expression~13! for a dipole-dipole (S56),
dipole-quadrupole (S58), and quadrupole-quadrupole couplin
(S510).
8-7
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gap between Nd31 and Yb31 excited levels is 1. Further
more, the fact that in the particular case of YAB crystals
microparameter of energy transfer is higher than those
tained for other matrices could be related to the coincide
between the Nd31-Yb31 energy gap and the energy of th
most intense Raman phonon~see Fig. 2!.

The temporal evolution of Yb31 (2F5/2) luminescence af-
ter Nd31 ions excitation has been also recorded. Figure
shows the room temperature Yb31 fluorescence decay curv
obtained from the 10-at. % Nd31-co-doped sample unde
0.52-mm excitation. As can be observed, the Yb31 fluores-
cence intensity exhibits an initial transient buildup at a r
corresponding to excitation via transfer from Nd31 ions. Af-
ter this initial buildup (tup'20ms), the Yb31 fluorescence
exhibits a simple exponential time dependence. The cha
teristic time for this decaytNd-Yb for the crystal containing
10 at. % of Nd31 and 5 at. % of Yb31 is plotted as a function
of temperature in Fig. 13~a!. The temperature dependence
the Yb31 lifetime in the presence of Nd31 ions can be also
used to determine the Nd31←Yb31 back transfer efficiency
hbt by

hbt512
tNd-Yb

tYb
, ~16!

wheretNd-Yb is the lifetime of the2F5/2 level of Yb31 in the
presence of Nd31 ions andtYb is the fluorescence lifetime o
the 2F5/2 level of Yb31 in the absence of Nd31 ions. The
temperature dependence oftYb has been measured for
5-at. % singly doped Yb31:YAB crystal under 975 nm exci-
tation. Results are also shown in Fig. 13~a!. As can be ob-
served, the behavior oftNd-Yb andtYb is very similar up to
300 K. For higher temperaturestNd-Yb,tYb , indicating the
presence of thermally activated back transfer. The b
transfer efficiency as a function of temperature is displa
in Fig. 13~b!. A reasonable good agreement with the valu
obtained from the emission spectra~see Figs. 7 and 8! is
observed. As for the case of Nd31→Yb31 transfer, this

FIG. 12. Room-temperature time dependence of Yb31 emission
obtained for the Nd31 ~10 at. %! and Yb31 ~5 at. %! co-doped YAB
sample. The pump wavelength was 520 nm.
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agreement indicates that the presence of Nd31←Yb31 radia-
tive energy transfer can be neglected.

IV. CONCLUSIONS

Nd31→Yb31 energy transfer in co-doped yttrium alum
num borate crystals has been demonstrated. The main p
erties of the (4F3/2, 2F7/2→4I 9/2, 2F5/2) Nd31→Yb31 en-
ergy transfer have been systematically studied as a func
of Nd31 ~donor! concentration and crystal temperatur
Emission spectra obtained under both Nd31 and Yb31 exci-
tation in the 800–1200-nm range have been used to de
mine the transfer (Nd31→Yb31) and back-transfer (Nd31

←Yb31) efficiencies. The transfer efficiency has been fou
to be enhanced by increasing the donor concentration, be
at room temperature, as high as 0.65 for the most conc
trated crystals~10 and 5 at. % of Nd31 and Yb31 ions, re-
spectively!. It has been demonstrated that when crystal te
perature is increased above 350 K the Nd31←Yb31 transfer
is activated leading to a reduction in the net Nd31→Yb31

energy-transfer efficiency. The decay curves obtained
room temperature have been used to conclude that a
dominant electric dipole-dipole character for the Nd31Yb31

coupling is taking place. In addition, we have also evalua
the donor-acceptor microparameter of energy trans
(CDA

Nd-Yb>18310239 cm6/s). This has been compared
those obtained in other host media, being higher than mos
the microparameters reported in the literature.

FIG. 13. ~a! Yb31 lifetime as a function of temperature in th
presence (tNd-Yb : open circles! and absence (tYb : solid circle!
of Nd31 ions. ~b! Nd31←Yb31 back transfer efficiency (hbt) cal-
culated from lifetime values. The dotted lines are guides for
eyes.
8-8
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The high transfer efficiencies obtained indicate that n
radiative energy transfer can be used to increase the num
of pump channels of Yb31 lasers in YAB by co-doping with
Nd31 ions. This good perspective together with the excell
laser and nonlinear properties of Yb31 doped YAB crystals
make the Nd31;Yb31:YAB system a promising candidate t
develop diode pumped lasers sources tunable in the UV-
by means of sum frequency mixing processes involv
pump and laser radiations. In this respect, all the parame
characterizing the Nd31→Yb31 energy transfer given in this
work are essential for a future modeling and optimization
this laser system.
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87, 1042~1999!.
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