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Optical spectroscopy of Pr + ions in LiNbo3
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The optical absorption and Buorescence of Pr + ion in LiNb03 has been systematically in-
vestigated. This system is characterized by a very intense red emission at 620 nm corresponding
to the D2~ Hq transition. The luminescence of the metastable Po state is almost completely
quenched in contrast with other materials. The nonradiative deexcitation has been analyzed for
the Dz multiplet in terms of a multiphonon process, and a quantum eKciency of 0.87 is experi-
mentally deduced for this state at room temperature. I"luorescence quenching of Dq is observed
when concentration is increased, and a cross-relaxation process is proposed for concentrations above
0.09 mol'Pp. The Quorescence decay time functions are well explained in the frame of the Inokuti
and Hirayama model considering mainly an electric dipole-dipole interaction. It has been also con-
cluded that praseodymium ions are randomly distributed in the LiNbO& host, so that local charge
compensating Pr(Li+)-Pr(Nb +) pairs must be disregarded.

I. INTRODUCTION

The present demand of small and compact solid state
lasers has supported the use of lithium niobate (LiNbOs)
as a laser host crystal. In fact the electro-optic, acousto-
optic, and nonlinear properties of this crystal have per-
mitted the development of LiNb03. MgO:Nd minilasers,
which present several interesting functions for laser appli-
cations in integrated. optics, such as self-frequency dou-
bling, self-Q-switch, and self-mode-locking. This fact to-
gether with the advanced technology in the fabrication
of LiNb03 waveguides have intensified the interest in the
optical properties of rare earth ions as potential laser ac-
tive centers in this nonlinear host crystal. The optical
bands for a variety of rare earth ions have been studied
and reported for this matrix. " However, for the case
of Pr + ions, only preliminary information has been re-
ported by the authors.

Pr + ion Oars very interesting perspectives as acti-
vator ion because of its rich optical spectrum, which
extends from the ultraviolet (UV) to the near infrared
(IR).s In principle, this provides many possibilities for
pumping and lasing in several regions of the electromag-
netic spectrum, taking into account the large number of
excitation and deexcitation channels. In fact, laser ac-
tion has been demonstrated for a variety of Pr + doped
materials.

In this work, the absorption and Huorescence spectra of
Pr + in LiNb03 are reported in the range from the UV
to near IR. The time dependence of the main emission
D2 —+ H4 is investigated as a function of both tempera-

ture and concentration, and some conclusions about the
mechanisms responsible for the nonradiative relaxation
of the D2 state can be drawn.

Energy transfer between Pr + ions has been observed
to occur when concentration increases. There have been
many reports on energy transfer of Pr + in several ma-

trices, due to its role in luminescence quenching of the
D2 and Po states. A variety of models have been

proposed to account for this phenomenon, some of them
based on the continuum model of Inokuti and Hirayama
and the other invoking the discrete nature of the crystals.
In our case, decay curves are well explained in the frame
of the continuum Inokuti and Hirayama model.

II. EXPERIMENTAL DETAILS

Crystals of LiNb03. Pr3+ were grown in our labora-
tory by the ballance controlled Czochralski technique,
from grade I 3ohnson-Matthey powder, containing sev-
eI'al Pr203 concentI'ations relative to Nb + ions in the
congruent melt ([Li]/[Nb] = 0.945). The content of Prs+
in the crystal was analyzed by total x-ray Buorescence
for only one of the studied samples, and the others were
calibrated by means of their optical absorption spectra
ranging from 0.04 to 0.57 mol%%u&&. The plates were cut
and oriented using x-ray diÃraction patterns in order to
obtain samples with the ferroelectric c axis parallel or
perpendicular to the faces and to perform polarized spec-
tra. Absorption spectra were made in the visible and
near infrared regions with a Cary 17 spectrophotometer
to cover the region 200—2000 nm and a Hitachi U-3501
spectrophotometer in the region 2000—3200 nm.

The luminescence spectra were obtained by using a Xe
lamp or a multiline Argon laser as excitation sources.
An air cooled Hamamatsu R-928 S photomultiplier or
a silicon photodiode were used for the detection. The
spectra were corrected by the response of these compo-
nents. Time dependence of the luminescence was per-
formed using the third harmonic of a pulsed Nd:YAG
(yttrium aluminum garnet) laser at 355 nm. The signals
were detected with a multialkali photon counter photo-
cathode using gated techniques.
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III. ABSORPTION AND FLUORESCENCE
20000
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Figure 1 shows the room temperature (RT) absorp-
tion spectrum of LiNbO:Pr + (0.04 mol%), obtained in
the range 400—3200 nm for the unpolarized o. configu-
ration, i.e. , beam parallel to the crystallographic c axis.
It consists of several bands corresponding to transitions
between the H4 ground state and the excited multi-
plets belonging to the 4f configuration of the trivalent
praseodymium ion. The structure observed inside each
band is mainly due to the the Stark splitting of the difI'er-

ent multiplets by the effect of the matrix crystal field. As
for other rare earth ions, it is expected that Pr + ion en-
ters the LiNbO~ lattice replacing Li+ or Nb + sites. Both
sites have C3 local symmetry so that each state splits into
a number of Stark levels depending on its J value. In
this sense, recent Rutherford backscattering spectrom-
etry (RBS) experiments have suggested that Pr + ions
replace only Li+ ions in this host. Additional structure
in the spectra can occur due to the presence of Pr + mul-
ticentres in the LiNbO3 matrix, as previously reported by
site selective luminescence Ineasurements.

Relative to the nature of the transitions involved in the
absorption spectrum of Pr + ions in LiNbO3, polarized
spectra have been taken in difFerent configurations: o and
vr spectra (electric component of the electromagnetic field
perpendicular and parallel to the crystallographic c axis,
respectively). At this point, it is important to mention
that the 0-polarized spectrum is quite similar to the n
spectrum, revealing a dominant electric dipole character
for all the transitions, forced by the noninversion C3 local
symmetry.

An energy level diagram showing the positions of the J
states of Pr + ion in LiNbO~ is displayed in Fig. 2. The
thickness (shadowed region) of each state indicates the
extent of the crystalline Stark splitting. This diagram,
constructed from the absorption and Huorescence data
reported in this work, is helpful to label the different
transitions involved. Only the So and the l6 states
are absent &om the scheme, the first one for being too
high (about 46 500 cm ) and the second one because
the spin-forbidden H4 —+ I6 transition is masked by the
spin-allowed H4~ P~ (J = 0, 1, 2).
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FIG. 2. Scheme of energy levels of I iNb03. Pr +.

"D H2 4

Figure 3 shows the RT excitation and emission spectra
of LiNbOs. Pr + (0.04 mo1%) in the wavelength range
from 300 to 1200 nm. The emission spectrum consists
of four structured bands centered around 620 nm, 710
nm, 885 nm, and 1050 nrn. The excitation spectrum
(dotted line) displays three bands at 360 nm, 480 nm,
and 610 nm. The latter two bands coincide in energy
with the absorption transitions H4msPg (j = 0, 1, 2)
and H4 —+ D2, respectively, and are easily identified.

Relative to the broadband appearing in the excitation
spectra at 360 nm, it cannot be assigned to any 4f m 4f
intraconfigurational transition, since it is too broad and
is located far from any 4f state (the iSo state should be
much more higher). In principle, it could be identified
as an interconfigurational 4f —+ 5d transition, but there
are some features that make this asignment unprobable.
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FIG. 3. Emission and excitation spectra of LiNb03. Pr +

(0.04 mol'%%uo) at room temperature. A,„,= 360 nm; A, = 715
nIIl.
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For instance, the position of these states has been re-
ported to be at higher energy in other matrices, around
250 nm. ' Unfortunately, the analysis of this band can-
not be properly performed in the absorption spectrum
because it overlaps with the absorption edge and con-
tributes to its anomalous raising at 25000 cm i (see
Fig. 1), which does not correspond to the fundamental
absorption edge of LiNb03. However, a systematic study
in the absorption edge region deserves special attention
and it is not the aim of this work. Further experiments
are now underway to give a definitive assignment to this
excitation band. .

The excitation spectrum does not change when mon-
itoring any of the emissions in Fig. 3, so that the

H4 —+ D2 absorption is always present. In addition, the
same fluorescence spectrum is obtained exciting into the
D2 or the PJ multiplets. These two facts indicate that

the emissions correspond. to d.eexcitations from the D2
multiplets to the H4, H5, H6+ E2, and E3+ E4 mul-
tiplets, respectively. The D2~ H4 emission is clearly
dominant and produces a very intense red color.

It is important to point out that, at variance with other
Pr + doped oxides, ' in LiNb03. Pr +, the main chan-
nel of radiative deexcitation is through the D2 state in-
stead of the Po state. Luminescence from the PJ is
extremely weak even at low temperature and only an
emission band peaking at 515 nm and associated to the
Po~ H4 transition was detected. Thus, any excitation

into levels above D2 is followed by a quick nonradiative
relaxation to this multiplet, from which several transi-
tions can be seen, the D2 —+ H4 being the most intense.
This was true for all the concentration range studied in
this work.

IV. FLUORESCENCE DYNAMICS

In order to deeply understand the luminescence be-
havior of Pr + ion in LiNbO~, the time evolution of the
luminescence &om the emitting levels has been inves-
tigated. At this point, another difference must be re-
marked on concerning the emission behavior of Pr + ions.
The obtained fluorescence lifetime values in our samples
are quite different to those obtained for this ion in other
matrices. Table I shows the values of the lifetime of D2
and Po levels for the case of Pr + in a variety of host
matrices. In our case, the lifetimes, for the D2 and Po
states are 33 ps and 0.45 ps, respectively (both values re-
ferred to the less concentrated sample, 0.04 mo1% at low
temperature), which are significantly shorter compared
with other systems d.oped with a similar level of active
impurity and for the same temperature. To obtain more
information, a study of the fluorescence dynamics has
been performed, studying the effect of temperature and
Pr + concentration on the fluorescence decays.

TABLE I. Comparison of lifetimes for the Pr + ion in dif-
ferent matrices.

Matrix
YAG (0.1 2'%%uo )
YAG(0. 12%)
YAG(1%)
YAG (1'%%uo)

YGG(1%)
YGG(20%%uo)

GGG(1'%%uo)

KYPO(3%%uo)

YLF(0.1'%%uo)

YLF(0.l%%uo )
YLF(1%)
Y'LF (l%%uo)

YLF(0.24%%uo)

ZBLA
LaC13 (l%%uo)

LaBro(l%%uo)

SBA(94%)
SBA(94%%uo)

LiNbOs(0. 04%%uo)

LiNbOo(0. 04%%uo)

T (K)
300
77

300
77
4.2
4.2
4.2
4 4
300
77

300
13

300
4.2
4.2
300
10
15

300

-('~ )
180
260

180
365
820
251
635

55

365-470
700-815

38
33

r ('S.)
8.4
12.3

8
10.2

17—19
13—15

15

50
50
38
15

14.7
12

9—12
12—15
0.45

Ref.
7
7
8
9
10
10
11
12
13
13
13
13
14
15
16
16
17
17

This work
This work

mo1%), in which all the fluorescence decay times had an
exponential shape, has been chosen to avoid concentra-
tion effects. As above mentioned, a lifetime of 0.45 ps was
obtained at a low temperature for the Po state. How-
ever, the temperature dependence of Po fluorescence
could not be performed due to the fast quenching ob-
served when temperature increases. Hence, this section
will concern the time evolution of the D2 state.

Measurements of fluorescence decay times from the
D2 multiplet have been carried out for temperatures

from 15 to 300 K. Pure exponential curves were observed
in all the range of temperatures. Lifetimes varied from
38 ps at 15 K to 33 ps at room temperature. Thus,
a nonradiative temperature-dependent process is taking
place.

The erst mechanism to be invoked is multiphonon re-
laxation to the next lower multiplet, iG4 (see Fig. 2).
These two states are separated by an average distance
of 6625 cm, which might be reached by the emision
of several effective phonons. The phonon spectrum of
LiNb03 presents its maximum energy peak at 880 cm
as reported by Claus and Winter. Assuming that this is
the efFective phonon involved in multiphonon processes,
seven of these phonons of maximun energy must be cre-
ated to release the energy difference between the two
states.

Following Moos and Weber, 2 the probability of a
nonradiative multiphonon relaxation involving a number
p of effective phonons depends on temperature according
to

A. Temperature d.ependence where n ~ is the occupancy of the effective phonon
modes,

For the study of the temperature dependence of the
fluorescence lifetimes, the less concentrated sample (0.04 n,s = [exp (Ru, rr/kT) —1] (2)
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Now, the total transition probability of the D2 state
W = 1/7' can be expressed as the sum of a radiative plus
a nonradiative temperature-dependent contribution,

W = W„+ W„,(T).

Dividing this expression by the total probability at 0 K,
W(0), we obtain

W(T) = [W(0) —W„] (1+n,g)" + W„,
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FIG. 4. Fitting to a straight line of the total transition
probability of the D2 state in LiNb03..Pr + (0.04 mol'%%uo)

according to Eq. (4). The first two points show that at low
temperatures, thermal processes are not activated.

which gives us the inverse of the experimental lifetime
as a function of temperature. If we plot 1/r against
(1 + n,s)" and assume that p = 7, we should obtain a
straight line if the multiphonon assumptions are correct.
In addition, this fitting will give as a result the values
of W„and W (0) and, hence, W„, (0). Figure 4 shows
this plot, where it can be observed that, at very low tem-
peratures, no variation with temperature is obtained and
the multiphonon process is not noticeable. When tem-
perature increases, nonradiative relaxation becomes more
important and changes can be well fitted by Eq. (1). Ac-
cording to that, multiphonon relaxation with seven ef-
fective phonons of 880 cm can account for the tem-
perature dependence of the fluorescence decay from the
D2 multiplet. From this model, the nonradiative and

radiative probability associated with the depopulation of
D2 multiplet can be obtained. At T = 0 K the resulting

nonradiative probablility, W„,(0), is 925 s
On the other hand, from the value of the raditive prob-

ability, W„, and the experimental lifetimes (38 ys at 15
K and 33 ps at 300 K) an experimental value of nearly
1 can be obtained for the quantum eKciency of the D2
state at 15 K, while at 300 K this value is 0.87.

Concerning the Po quantum efticiency, we must point
out that a small value according to the almost nonra-
diative character of this state is expectable. Only the
Po~ H4 transition can hardly be observed at low tem-

peratures. The mechanism responsible for this fact can
be a multiphonon relaxation, because just four phonons

are needed to complete the energy gap to the D2 mul-
tiplet.

In the case of the Po level, quantum eKciency can be
experimentally estimated making use of the room tem-
perature absorption and excitation spectra. The efFi-

ciency of Po is then given as a function of D2 quan-
tum efBciency. Comparing the number of quanta of light
absorbed by the Pg and the D2 states (estimated by
dividing the area under the absorption spectrum by the
average wavelength) with the same magnitude in the ex-
citation spectrum and assuming that the only way to
nonradiatively depopulate the Pp states is multiphonon
relaxation to D2, a value of 0.13 is obtained for the Po
quantum efBciency.

Finally, other possible ways for a nonradiative depop-
ulation of D2 and Po states have to be considered. In
this sense, we have to say that the up-conversion process
or excited state absorption have to be disregarded as far
as the excitation power was not high enough and. no de-
pendence of lifetime with exciting power was observed.

On the other hand, energy transfer or diffusion be-
tween Pr + ions could also account for this nonradiative
temperature-dependent process. However, luminescence
decays observed from D2 were purely exponential, thus
showing not relevant energy transfer at this concentration
level. There could be some other transfer mechanism,
such as fast diffusion, which gave us pure exponential
decays, but, in our case, this is not very probable due
to the low concentration of the sample and also because
nonexponenciality starts at much higher concentrations,
as will be shown in the next section.

B. Effect of concentration

In order to gain additional information on the lumines-
cence properties of Pr + ions in LiNb03, the fluorescence
dynamics of the D2 emitting state were investigated as
a function of Pr + concentration. Decay curves for all
concentrations were obtained for the intense D2 —+ H4
transition at about 620 nm after pulsed excitation at 355
nm. For concentrations higher than 0.2 mol% nonexpo-
nential decays were obtained and. decay time values be-
came shorter with increasing Pr + doping level. Figure
5 displays the low temperature decays for three samples
with different Pr + content.

This variation of fluorescence with concentration in-
dicates energy transfer processes. As has been demon-
strated for other Pr doped systems, the model proposed
in our case is a resonant cross-relaxation mechanism in-
volving two identical Prs+ ions (donor and acceptor), ac-
cording to the following scheme:

[ D2, H4]m[ G4, st] .

In fact, the case in which the dominant mechanism is a
fast energy diffusion has to be neglected. This transfer
process can be present when impurity concentration is
high and, in this case, the excitation moves from donor
to donor for some time before being transferred to an
acceptor or a trap where the process ends up. If this
were the dominant mechanism, pure exponential decays
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should be obtained. As far as our decays are markedly
nonexponential, fast diffusion is rejected. However, difus-
sion processes could be competitive with a direct transfer
at sufBciently high concentrations and, as a consequence,
the tail of the decay curve will show an exponential be-
havior with a characteristic time w given by

(5)

where ~D is the probability of the diffusion process.
Hereafter, we define as donors all the Pr + ions in the
excited D2 levels, and as acceptors all surrounding Pr +
ions in the ground state.

In our case, we can asume that concentrations are weak
enough to neglect the probability of formation of new
crystalline phases or clusters and no evidence on this has
been reported for other rare earth doped LiNb03 crys-
tals. In addition, the possibility of local charge compen-
sating Pr(l i+)-Pr(Nbs+) pairs has to be disregarded as
far as Pr + ions only enter Li+ positions, as reported
by RBS experiments. Thus, the natural physical model
we consider is that in which both, sensitizing and activa-
tor impurity ions, are arranged randomly on the suitable
lattice sites of the crystal.

On the other hand, there are several models to explain
a direct transfer (cross-relaxation) mechanism. Some of
them take into account the discrete crystal structure and
consider the real distances where each neighbor accep-
tor can be placed. However, for the present, we begin
to consider in our case the continuum model of Inokuti
and Hirayama, in which the probability of finding an
acceptor in a sphere of radius B around the donor is

n(R) = %4vrR dR,

where N is the ion concentration.
Assuming electrostatic multipole interaction, the en-

ergy transfer probability can be expressed in general by

TIME (ps)

FIG. 5. Fluorescence decay time curves for the D2 —+ H4,
for diFerent Pr + concentrations at 15 K. Solid line: 0.04
mol%; dotted line: 0.27 mol%; dotted dashed line: 0.57
mol %.

where Bo is the critical radius defined as the distance at
which an isolated donor-acceptor pair has the same trans-
fer rate as the spontaneous decay rate of the donor, 7p.
The parameter 8 is a number equal to 6, 8, or 10 depend-
ing on whether the transfer mechanism is electric dipole-
dipole, dipole-quadrupole, or quadrupole-quadrupole, re-
spectively. With this transfer probability, Inokuti and
Hirayama arrived to the following expression for the in-
tensity decay:

iil which co is a critical concentration defined as 3/47rRo
and I' (x) is the gamma function evaluated in 2:.

The character of the mechanism responsible of the
transfer can be inferred by plotting lnI (t) + t/io against

We should get a straight line for the best value
of s. For most of the samples, the best fit obtained is
for 8 = 6. Then, the decay functions are fitted to the
Inokuti-Hirayama formula setting the critical radius Ro
as a variable parameter. The intrinsic decay time 7o = 38
ps is obtained &om the low temperature decay of the less
concentrated sample, which is purely exponential. The
initial value of 8 = 6 is proposed according to the shape
of the decays.

Figures 6(a), (b), and (c) show the results of the fit-
ting for 8 = 6, for three Pr + concentrations. The good
agreement of the fittings in the case of the less concen-
trated samples can be seen. Table II shows the results
obtained for the critical radius Bo. As observed, for the
less concentrated samples (0.21 and 0.27 mo1%), similar
values of Rs (around 1.15 nm) are obtained supporting
the consistency of the model proposed.

On the other hand, as shown in Fig. 6(a) the fitting
is not very good for the most concentrated sample, find-

ing a significant deviation for long times. In order to
solve this deviation, the contribution of a diffusion pro-
cess has been considered according to Eq. (5). However,
this produced the effect of a shortening in the decay at
long times, which is the opposite of what is needed in our
case [see Fig. 6(a)j.

Another mechanism should then be found to account
for this misfit. If the concentration is increased, the
nearest neighbor distance is shorter and higher order
processes have to be considered. This seems to be
what happens in our system: contributions of dipole-
quadrupole processes s = 8 become important when con-
centration increases. In fact, the plot lnI (t)+t/vo against
C /" is also good for 8 = 8 for the most concentrated sam-
ple, indicating an important contribution of short range
interactions (R ). Thus, a better agreement is now ob-
tained for the most concentrated sample, as can be ob-
served in Fig. 6(d), where a fit of Inokuti-Hirayama model
with 8 = 8 is applied. In fact, the actual process must be
thought of as a combination of two independent processes
dipole-dipole and dipole-quadrupole, each with a relative
weight. This is the reason why the value of Ro obtained
from the fitting with s = 8 (1.28 nm) is very similar to
the one obtained for s = 6 (1.23 nm) even when both
processes have a different nature.



16 648 A. LORENZO, L. E. BAUSA, AND J. GARCIA SOLE

1000 =

1000

CO

LLI
l—

100 .—

JD

I—
GO
z'.
LU

K

100 =

10 =

10 .-

50

TIME (I,s)
100 150

I

50 100

TIME (ps)

150 200

1000—
(D

1000

100
LLI

100—

25
I I

50

TIME (ps)

75 100 50

TIME (ps)

100 150

FIG. 6. (a), (b), (c) Fitting of the Quorescence decay time curves to the Inokuti-Hirayama model for three different concen-
trations considering s=6. (d) Fitting for the most doped sample considering s = 8.

TABLE II. Results of the Gt ting using the Inokuti-
Hirayama model. The last column shows the average Pr-Pr
distances estimated from the concentration value.

N
(mol %%uo)

0.04
0.21
0.27
0.57

N
(nm ')
0.0082
0.04
0.05

0.1028

Rp (nm)
a=6

1.05
1.22
1.23

Rp (nm),
8=8

1.13
1.3
1.28

&mvg (nm)
3.07
1.81
1.68
1.32

The results obtained show the validity of the Inokuti-
Hirayama model to explain the fIuorescence decay of
Pr in the LiNb03 crystal. The direct transfer pro-
cess between Pr + ions is well explained in the frame of
this continuum model and there is no need to invoke a
discrete model. On the other hand, as has been already
demonstrated, difFusion processes are not contributing to
the energy transfer mechanism in this system.

These results can also be explained in terms of the av-

erage Pr-Pr distances, R s, estimated as (4nK/3)
which are shown in Table II. We can justify the absence
of difFusion due to the fact that the average distance is
of the order of the critical radius Ro and so it will be
very probable to find one acceptor inside the critical ra-
dius of a donor, thus making the direct transfer process

predominant.
In addition, we can evaluate the minimum distance

from which the overall transfer probability O'R . is small

compared with intrinsic decay, i.e. , 10 less than I/vo.
From Eqs. (6) and (7), we can obtain that

Wg = W(R) N4vrRdR
+min

N47r RdR
R ~o I, R)
4' NRO

R3

From this calculation, a value of R;„=2.17 nm is ob-
tained for the less concentrated sample. A comparison
with the value of 3.07 nm for the average distance (see
Table II) clearly explains the absence of any transfer in
this sample.

Once we know the mechanism responsible for the con-
centration quenching in LiNbO3. Pr +, we can test the
predicted concentration dependence of the nonradiative
transfer probability. For dipole-dipole interaction, the
transfer probability between two ions at a distance R is
given by Eq. (7) with s = 6. Then, the average transfer
probability of one donor ion in a certain environment can
be evaluated by
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W = W(R)n(R)dR = N W(R)4mR dR . (10)
V v

From this expression, a linear concentration dependence
is expected when only direct transfer occurs. We first
estimate the effective lifetime for the nonexponential de-
cays as the value of t for which I(t) = I(0)e . According
to this the following effective lifetimes, T g, are obtained:
38.0, 22.8, 20.2, and 11.0 ps for concentrations of 0.04,
0.21, 0.27, and 0.57 mol%, respectively. Figure 7 shows
a plot of the inverse effective lifetime as a function of
concentration. The three most doped samples exhibit a
linear behavior, thus confirming the direct transfer. On
the other hand, the less doped sample remains in the
transfer-free zone. From this figure a minimun concentra-
tion from which Quorescence quenching of the D2 state
appears is found to be 0.09 mol%.

Let us now justify the applicability of a continuum
model in Pr + doped LiNb03. The Huorescence decay
of D2 state has been analyzed in terms of the energy
transfer between Pr + ions and reconstructed with the
Inokuti and Hirayama model. This model assumes that
each donor ion in the excited state is surrounded. by a
random environment of acceptor ions in the ground state.
When interaction distances are very short, or the distri-
bution of ion sites cannot be considered as continuum,
another model which takes into account the possible po-
sitions of the ions in the discrete lattice has to be used.

In the case of LiNb03, the structure is made of oxy-
gen octahedra in which a Nb +, a Li+, and a struc-
tural vacancy are alternatingly located according to the
following stacking sequence: Nb-Li-vacancy. Recent
RBS/channeling experiments ruled out the possibility of
double occupancy for Pr + in LiNb03 and proposed a
substitution of Li+ ions. Hence, two nearest neighbor
Pr + ions in LiNb03 should be separated by the min-
imum I.i+-Li+ distance, which is 0.397 nm. A "map"
of the posible positions of acceptor ions around a donor
can be constructed for this crystal. This is depicted in
Fig. 8, where the number of available impurity sites, i.e. ,
Li+ sites, as a function of distance is represented. As can
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be seen, at short range, the structure is discrete, but at
distances next to the critical radius R0 ——1.15 nm, the
structure can be considered continuumlike, which vali-
dates the model we used.

Another important point is that the validity of this
Inokuti and Hirayama model confirms that the Pr +
ions are homogeneously incorporated in LiNb03, instead
of forming local charge compensating Pr(Li+)-Pr(Nb +)
pairs. In fact, if the impurity entered forming any well
defined structure breaking the random distribution, the
model could not have been applied. Thus, in our case,
we can conclude that the Pr + ions are homogeneously
incorporated.

This is an important result if we take into account the
crystal structure of LiNb03. It has been suggested that
trivalent rare earths do enter LiNb03 as pairs subtituting
for a Li+ (2+ excess charge) and its neighbor Nbs+ ion
(2+ defect charge). In this way, the charge is easily com-
pensated with no need for additional defects. However,
as previously mentioned, Pr + ions have been reported
to subtitute for Li+ ions, while Nb + and vacant lattice
sites have to be disregarded.

This is consistent with our analysis of the decay times
using a continuum model, and points out that when im-
purities are incorporated to LiNb03, charge compensa-
tion is made through the intrinsic lattice defects, i.e. , Nb
antisites, Li vacancies, without the need of invoking the
formation of pairs in the matrix. These defects appear as
a consequence of the nonstoichiometry of the matrix (the
ratio [Li]/[Nb] not equal to 1).2 '2~ A systematic study of
the variation of optical properties of Pr + ions as a func-
tion of stoichiometry together with RBS measurements
is now going on and will be reported elsewhere.

RADIUS (nm)

FIG. 8. Distribution of available impurity sites in LiNb03
around a central Li+ site.
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FIG. 7. Inverse of the efFective decay time as a function
of concentration. The full line shows the 6tting according to
Eq. (10). The dashed line represents the tranfer-free zone.

V. CONCLUSION

In this work, spectroscopic data (absorption and emis-
sion) of LiNbOs. Prs+ are presented. Polarized aborp-
tion spectra at RT have permitted the construction of
the energy levels diagram for Pr + in this matrix. Emis-
sion and excitation spectra clearly show an important
difference in the behavior of the main radiative channels
of Pr + in LiNb03, relative to Pr + in other systems.
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While in most of the matrices, both states Po and D~
are equally efBcient, in our case, only a very weak lu-
minescence is detected from Po and a strong radiative
deexcitation occurs from D2. These luminescences have
lifetime values of 33 p,s for D2 and 0.45 ps for Po at
room temperature and for very low ion concentrations.

Nonradiative deexcitation of D2 can be deduced
through the temperature dependence of its exponential
lifetime. A multiphonon model is proposed in which
seven efFective phonons of 880 cm must be created to
relax the system to the next lower G4 state. The tem-
perature evolution provides information about the proba-
bility of this process, as well as about the radiative prob-
ability. Thus, comparing this radiative probability with
experimental lifetimes, quantum efBciencies can be esti-
mated as nearly I at low temperature and 0.87 at 300 K.
This is in good agreement with the very intense red color
observed for the D2 —+ H4 fluorescence. On the other
hand, a value of only 0.13 for the Po quantum efFiciency
has also been experimentaly estimated.

Fluorescence quenching of the D2 state has been
demonstrated to occur when the concentration is in-
creased over 0.09 mol%. This is attributed to a cross-
relaxation process, the transfer mechanism being dipole-
dipole with an important dipole-quadrupole contribution
at high concentrations. A continuum distribution of im-
purity ions has been proved to modelize our system, so
that local charge compensating Pr-Pr pairs can be dis-
regarded. Other transfer processes such as di8'usion can
be rejected.
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