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Optical characterization of Pr 31-doped yttria-stabilized zirconia single crystals
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The optical absorption and fluorescence of Pr31 ions in yttria-stabilized zirconia single crystals are inves-
tigated. Fluorescence emissions from the1D2 level are clearly dominant and low intensity emission lines from
the 3P0 and 1G4 states are also observed. Analysis with the Judd-Ofelt theory of the absorption intensities has
been made assuming that only;40% of the praseodymium ions contribute to the optical absorption bands.
Quantum efficiency values ofh(3P0);0.2 andh(1D2); 1 are obtained at room temperature.1D2 fluores-
cence quenching has been observed in heavily-doped samples due to cross relaxation processes among neigh-
boring Pr31 ions. Analysis using the Inokuti-Hirayama model shows that electric dipole-dipole interactions are
mainly responsible for the quenching effect. Pr31 ions are present in seven and sixfold configurations with a
statistical distribution. The energy position of the 4f 5d configuration is very different for each center. The
fluorescence dynamics is explained by a mechanism involving thermally assisted population of the3P1,21

1I 6

upper levels and fast relaxation to the1D2 level via states of the excited 4f 5d configuration.
@S0163-1829~97!02734-3#
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I. INTRODUCTION

The fluorescence of Pr31 ions has been intensively stud
ied in the last decades in a large variety of crystalline a
glass materials. Interest in studying Pr31-doped solid-state
materials has been renewed due to the fact that its emis
spectra have been extended from the blue to the near infr
region.1 Laser action has been reported for Pr31 ions in dif-
ferent crystals such as YAG, LiYF4, and YAlO3 as well as
in fibers.1–4 Additionally, up-conversion lasing under IR ex
citation has been demonstrated in Pr31-doped systems;5 this
is important in developing compact systems using IR la
diode pumping devices. The Pr31 luminescence mainly
originates at transitions from3P0 or 1D2 multiplets of the
4f 2 configuration of the Pr31 ion. Other important transi-
tions for laser applications start from the1G4 state.6

Yttria-stabilized zirconia~YSZ! is a solid ionic conductor
with applications ranging from oxygen sensors to solid f
cells.7 Its high ionic conductivity at high temperatures is r
lated to oxygen vacancies already present in the YSZ cry
associated with the charge compensation induced w
Y 2O3 is added to ZrO2 to stabilize the cubic phase. Th
vacancy site has been intensively investigated in rec
years.8–10 The possibility of growing large YSZ crystals o
good optical quality makes this system a good candidat
be used in optical devices. Laser action has been reporte
Nd31-doped YSZ and yttria-stabilized hafnia~YSHf! and
for erbia-stabilized zirconia~ErSZ! doped with several rare
earth ions~Ho31, Tm31, or Er31).1,2

YSZ or ~ZrO2) 12x~Y 2O3) x has the CaF2 structure for a
wide range ofx values. The sites of impurity ions and the
associated oxygen vacancy redistribution have been anal
using luminescence as an optical probe.8,11–14Because of the
highly distorted structure, impurities can be located in a la
number of sites. This inherent disorder is responsible
inhomogeneously broad optical bands even at very low t
560163-1829/97/56~10!/5856~10!/$10.00
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peratures. Oxygen vacancies result in slight departures o
local environment from the fluorite-type lattice. The oxyg
coordination around active impurities is not only eightfo
~CN8! but also sevenfold~CN7! and sixfold~CN6!.14 CN6,
CN7, and CN8 environments have been reported for Eu31

and Er31-doped YSZ,11,12,14with the amount of ions in each
site strongly depending on the crystal composition. Howev
some impurities such as Nd31 are incorporated only in CN7
configurations.13 Impurity ions are located at cation sites; th
ideal site symmetry isOh for ions in CN8 sites,C3v symme-
try for ions in CN7 sites, andC3i /S6 or C2 in CN6 sites.

Praseodymium ions may adopt both 31 and 41 states.
Formation of oxygen-deficient praseodymium com
pounds Pr6O11 ~4 PrO2 1 Pr2O3) and Pr7O12 ~3 PrO2
1 2 Pr2O3) with the fluorite like structure,15 where only 1/3
and 4/7 of the praseodymium ions, respectively, are in
trivalent state, is well known. In YSZ praseodymium io
can substitute Y31 and Zr41 cations and appear in bot
valence states. Pr31 to Pr41 conversion has been observe
in the Pr2O3-ZrO2 solid solution, making it unsuitable as
solid-state electrolyte.16

In this paper, an extensive investigation of the optic
properties ~absorption and luminescence! of Pr31-doped
YSZ crystal is reported. We have studied the luminesce
decay curves of the3P0 and 1D2 levels which are mainly
responsible for the luminescence. From these data, the
rescence dynamics has been analyzed. Under the assum
that only a fraction of praseodymium ions contribute to th
luminescence properties, the Judd-Ofelt theory is succ
fully used to estimate the quantum efficiency of the ma
luminescence channels. Concentration effects have also
investigated.

II. EXPERIMENTAL PROCEDURE

Single crystals of ZrO2 stabilized with 16 wt % of
Y 2O3 and doped with 0.05 and 0.2 wt % of Pr2O3 were
5856 © 1997 The American Physical Society
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purchased from CERES Corporation. Excellent optical qu
ity crystals were grown by the skull method. The sam
density is 5.9 g/cm3 and the refractive index is about 2.17
500 nm.

Samples were cut with a diamond saw a
polished to optical quality. X-ray fluorescence analy
of two types of as-received crystals show that th
compositions are Y0.193Hf 0.085Zr 0.795Pr0.010O1.901 and
Y 0.190Hf 0.082Zr 0.794Pr0.072O1.901 which implies praseody-
mium concentrations of 2.231019 cm23 and 1.731020

cm23, respectively. Unless otherwise stated, the opti
measurements were made in the former crystals.

Optical absorption measurements in the UV-visible-
were made with a Perkin-Elmer Lambda 19. Infrare
absorption data were taken with a Perkin-Elmer 20
Fourier-transform IR spectrometer. Both excitation and flu
rescence measurements were made with either a Jobin-Y
or a Perkin-Elmer spectrofluorimeter. For high-resoluti
emission measurements a Spectra Physics Ar1 laser was
used as the excitation source. The emitted light was focu
into the entrance slit of a SPEX 1000M monochromator a
detected with either a Hamamatsu R943-02 cooled ph
multiplier or a InGaAs Hamamatsu G3476-03 photodio
The spectra were recorded with a SR400 gated pho
counter or a HP 7240 nanovoltmeter. For lifetime measu
ments a Spectra Physics MOPO 730-10 was used as
pulsed excitation source. The fluorescence decay was
corded in a Tektronix 2440 digital oscilloscope. Low
temperature measurements were made with either an op
He closed-cycle Leybold cryostat or a liquid-helium evap
ration Oxford cryostat.

Thermal anneals in a reducing atmosphere were
formed with the samples inside a graphite container s
rounded by flowing nitrogen gas inserted in a horizontal f
nace. High-temperature oxidizing treatments were mad
flowing oxygen gas.

III. RESULTS AND DISCUSSION

A. Absorption spectra

Figure 1 shows the room-temperature~RT! absorption

FIG. 1. Room-temperature absorption spectrum of
Pr31-doped YSZ crystal. The inset shows an enlargement of
3H4→1G4 transition. Final levels involved in the transitions a
indicated.
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spectrum of a YSZ:Pr31 crystal in the 400–2200 nm inter
val. Four groups of broad absorption bands, correspondin
transitions between the3H4 ground state and excited state
inside the 4f 2 configuration of the Pr31 ion, are observed
The structure of each band is due to the stark splitting of
different multiplets by the matrix crystal field. Due to th
highly distorted structure of YSZ, absorption lines have
large inhomogeneous broadened half-width, and no in
vidual centers can be identified. The absorption transiti
have been assigned by comparing our absorption spec
with previous data.1,17,18 The high-energy group overlap
with the absorption edge of the matrix at about 450 nm a
was associated with transitions from the3H4 state to the
3P0,1,21

1I 6 multiplets. The two broadbands located at abo
600 nm were associated with transitions from the3H4

ground state to the two Stark components of the1D2 state.
The strong splitting (; 800 cm21) observed in this transi-
tion indicates a relatively intense crystal field around t
Pr31 ion. The inset shows the weak bands centered at ab
1000 nm which correspond to the spin forbidd
3H4→1G4 transitions. The near-infrared groups~1200–2200
nm! were associated with transitions to the3F2,3,4 multiplet
and 3H6 states. It should also be noted that the absorpt
lines located at; 4000 nm~not shown in the figure! corre-
sponding to3H4→3H5 transitions were not clearly resolve
due both to their low intensities and to the fact that th
strongly overlap with the CO2 lines always present in the
atmosphere.

Figure 2 depicts the energy diagram of the Pr31 ion de-
rived from the absorption spectrum. The position of t
3H5 band inferred from the emission spectra is also
cluded. In this scheme the1S0 and 1I 6 states are absent. Th
former lies at very high energies (; 46 000 cm21 is usually
accepted! from the ground state; the latter is not observed

a
e

FIG. 2. Energy level diagram of Pr31-doped YSZ crystals.
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5858 56SAVOINI, MUÑOZ SANTIUSTE, AND GONZÁLEZ
the absorption spectra due to the spin-forbidden characte
the 3H4→1I 6 transition and is assumed to be close in ene
to the 3P1 state.18

By analogy with the absorption bands of the isoelectro
Ce31 ion, the f→d absorption bands of Pr41 ions are ex-
pected to occur in the 300–400 nm region.18 A previous
work assigned the low energy side of the absorption edg
a broad absorption band related to Pr41 ions.17 This band
disappears after annealing in vacuum at;1173 K. It is well
known that a broad absorption band peaking at 375 nm
also present in undoped YSZ crystals, making the previ
assignment of this band to Pr41 very doubtful.19–21 In addi-
tion, thermal anneals up to 1900 K in oxidizing or reduci
atmospheres do not change the absorption intensities o
Pr31 absorption lines, indicating that valence state conv
sion 31 ↔ 41 did not occur and that both Pr31 and Pr41

ions are very stable. In conclusion, the absorption band a
absorption edge cannot be definitely assigned to Pr41 ions.

B. Fluorescence experiments

Figure 3 shows the emission spectra obtained under e
tation in the3P2 multiplet ~457 nm!. The high intensity lines
correspond to transitions from the1D2 level. The1D2→1H4
emission transition~615 and 641 nm lines! was clearly domi-
nant and produced a relatively intense red-orange lumin
cence. Emissions from the3P0 state were of low intensity
compared with the aforementioned ones and were bette
solved at low temperatures. Some of the emission li
present in the spectrum shown in Fig. 3 were absent w
the crystal was excited in the1D2 region ~585 nm!, thus
allowing separation of the transition lines starting from the
levels from those which originate at the3PJ levels. Two
luminescence spectra were recorded under excitation
two other argon laser lines~477 and 489 nm!; small changes
observed in the relative intensity of some luminesce
peaks suggest that more than one type of center is prese
occurs in other rare-earth-doped YSZ.11–13 Low-temperature
emission spectra showed the same emission lines as in
RT spectra but with higher resolution due to thermal depo
lation of the upper levels. A significant increase of the re
tive intensity of the transitions from the3P0 levels could be

FIG. 3. Room-temperature emission spectrum for a YSZ:P31

crystal (lex5 457 nm!. Levels involved in the transitions are ind
cated. The intensities are corrected for detector response.
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observed. Figure 4 shows the low-intensity luminescence
the 470–600 nm region. Two lines at 534 and 588.5
disappeared, indicating that they are associated with tra
tions starting at thermally populated levels. These lines
ascribed to transitions from the3P1 level to the low-energy
level of the 3H5 multiplet ~534 nm! and from the highest-
energy band of the1D2 multiplet to the ground state; we
have labeled this 588.5 nm line as1D2(2)→3H4 in Fig. 4.

The excitation spectra of YSZ:Pr31 recorded for three
emission wavelengths~505, 533, and 640 nm! are shown in
Fig. 5. The appearance of the3P0,1,2 bands in the excitation
spectra of the1D2→3H4 luminescence~640 nm! clearly in-
dicates that a nonradiative relaxation from the3P0,1,2 levels
to the 1D2 state occurs. The luminescence originates prim
rily at this latter level. In addition, a broad and structur
band could be observed in the near-ultraviolet region~200–
350 nm!. This band had two main peaks at 280 and 320
whose relative intensity changed with the emission wa
length. Excitation of this band produced the characteris
luminescence spectrum of the Pr31 ion but the intensity of
the transitions from the1D2 level increased relative to thos

FIG. 4. Emission spectra at 295 K and 25 K for a YSZ:Pr31

crystal (lex5457 nm!. The RT spectrum is enlarged 3 times. Th
intensities are corrected for detector response.

FIG. 5. RT excitation spectra of a YSZ:Pr31 crystal for three
emission wavelengths:lem5505 nm ~solid line!, lem5533 nm
~dashed line!, andlem5640 nm~dotted line!. The spectra are nor
malized to the3PJ band intensities.
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56 5859OPTICAL CHARACTERIZATION OF Pr31-DOPED . . .
starting at the3P0 levels. Intrinsic luminescence was als
induced under UV excitation.20 Based on previous assign
ments of the 4f 2→4 f 5d excitation transition in Pr31

ions,21–25 we associate the excitation band at 320 nm w
Pr31 ions in CN7 sites, while the band peaking at 280 nm
related both with the Pr31 ions in CN6 sites and with exci
tation of the intrinsic YSZ luminescence.

C. Lifetime measurements

Analysis of the luminescence decay curves provides
formation on the luminescence processes. Measuremen
the luminescence decays from both the3P0 and 1D2 levels
were carried out at temperatures from 15 to 300 K.

Figure 6~a! shows the luminescence decays from t
3P0 level. Nearly exponential decays were observed, w
lifetimes changing from 6.1 to 1.8ms as the temperatur
increases. The slow component of the decay curve is be
resolved at low temperature and is mainly related to the
trinsic luminescence, always present in the sample, wh
has a much longer lifetime.26 Decay curves from the1D2
level are nonexponential and are decomposed in two ex
nential decays, witht15180 ms and t2553 ms, being
'82% and'18% the percentages of the initial intensity
each lifetime component,t1 and t2, respectively@see Fig.
6~b!#. These decays are temperature independent. The
exponential behavior can be associated with either some

FIG. 6. Decay time curves of the~a! 3P0→3H4 luminescence at
295 and 30 K (lex5 457 nm! and~b! 1D2(1)→3H4 luminescence
(lex5488 nm!. Decomposition on two exponential decays
showed.
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of nonradiative losses or Pr31 ions in different crystalline
environments~for instance, CN7 and CN6 centers!. Nonex-
ponential decays with similar decay times have also b
found for the 1D2→3H4 praseodymium transitions in YAG
crystals doped with low concentrations of Pr31 ions, and
attributed to slightly distorted centers.27 Results presented in
the following sections will show that the1D2 decay is re-
lated to two types of centers. If two centers are involved
the luminescence decay of the1D2 level, they should also be
responsible for the decay of the3P0 level. Thus, two expo-
nential lifetimes should be resolved in the luminescence
cay of the3P0 level. Experimentally, only one lifetimet' 6
ms is observed, indicating either that both lifetimes are v
close and are difficult to resolve or that the concentration
the centers responsible for the unobserved component is
as is the case for the1D2 emission. The low-intensity intrin-
sic luminescence, which overlaps with the tail of the3P0
emission, also masks the second lifetime component.

D. Pr 31 ion concentration

In order to obtain additional information on the lumine
cence parameters, we have studied the effect of increa
the concentration of Pr31 in the samples. The emission spe
tra for highly doped samples~1.7 3 1020 cm23) are mainly
the same as those with lower concentration but with sev
differences which must be related to the redistribution
centers. The most noticeable difference is that the rela
intensity of the emissions starting from the3P0 level is
larger in the sample with a higher Pr31 concentration. A
similar effect was previously observed in Pr31-doped
La2O3,24 La2P5O14,

28 and LiNbO3,29 and attributed to a
strong concentration quenching of the1D2 luminescence due
to cross relaxation between Pr31 ions. The @1D2 ,3H4#→
@1G4 ,3F3,4# cross relaxation channel is more efficient th
the @3P0 ,3H4#→@1G4 ,1G4# channel because the energ
mismatch between the levels involved in the latter proces
much larger than for the former.28

Lifetime measurements show a nonexponential decay
transitions from both3P0 and 1D2 states. The decay curve
are also temperature dependent, indicating that the lumi
cence process is very complex. Disregarding the small c
tribution of the minority centers, low-temperature dec
curves~see Fig. 7! can be accurately fitted by the continuo
Inokuti-Hirayama model:30

I ~ t !5I ~0!expF2
t

t r
2GS 12

3

sD N

C0
S t

t r
D 3/sG , ~1!

wheret r is the radiative lifetime,N is the concentration of
the luminescence centers,C053/4pR0

3 is the critical concen-
tration, andR0 is the critical radius defined as the distance
which an isolated donor-acceptor pair has the same tran
rate as the spontaneous decay rate of the donor. The ch
ter of the multipolar interaction responsible for the ener
transfer process is given bys56,8,10, . . . for dipole-dipole,
dipole-quadrupole,. . . , respectively. The fit shows that th
dipole-dipole interaction (s 5 6! is the main process respon
sible for the shortening of the fluorescence lifetimes
samples with a high praseodymium concentration, and yie
a value ofN/C0 5 0.91 for the critical ratio. This value
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indicates that the concentration of Pr31 ions is close to that
necessary to have equal probability for Pr31 → Pr31 trans-
fer or radiative decays. From these results, we conclude
energy transfer among Pr31 ions is the mechanism respon
sible for both the shortening of the fluorescence decay
the intensity decrease of the emission from both levels
heavily doped samples. The accuracy of the fit sugges
statistical distribution of Pr31 ions with the dipole-dipole
interaction as the main process responsible for the quenc
effect.

From theN/C0 value, the critical radiusR0 is obtained
as a function of the average Pr-Pr distanceRave
5(4pN/3)21/3. The resulting values areR0'Rave and
R0'Rave/2 for heavily doped and low-doped crystals, r
spectively. Thus, the complex behavior of the1D2 decay
curves for the samples with a low praseodymium concen
tion cannot be related to energy transfer processes ind
by a concentration effect unless the Pr31 ions are inhomo-
geneously distributed. The observation of two lifetimes
the 1D2 decay curves in low-doped samples is explain
considering Pr31 ions located in sites with different oxyge
environments.

E. Judd-Ofelt calculations

The Judd-Ofelt~JO! theory is widely used to calculat
4f transition intensities of rare-earth ions in various matric

FIG. 7. Decay time curves at 25 K of a praseodymium heav
doped YSZ crystal ~a! 3P0→3H4 luminescence and~b!
1D2(1)→3H4 luminescence.lex5457 nm. The theoretical fit using
the Inokuti-Hirayama model is also shown.
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Although application of the standard theory to the lumine
cence of Pr31 ions suffers from several problems,31 we
found the theory could usefully be applied to analyze
luminescence of the Pr31 in YSZ crystals.

The JO theory assumes that the different stark levels
the ground state are equally populated. Due to the str
splitting (; 1200 cm21) of the 3H4 ground state, deter
mined by emission measurements, we have recorded the
sorption spectra at moderately high temperatures~500 K! to
satisfy as closely as possible the equipopulation requirem
From these spectra the experimental oscillator strengths w
determined using the expression

f expt5
emc

ahNl̄
E a~l!dl, ~2!

wherem is the electron mass,c the speed of light,h Planck’s
constant,a the fine structure constant,l̄ the average transi
tion wavelength,a(l) the absorption coefficient, andN the
density of the absorbing ions.

In this theory, the electric dipole oscillator strength b
tween two states characterized byJ andJ8 is given by

f ED5
8pmcs

3h~2J11!
x (

t52,4,6
V tu^JuuU ~ t !uuJ8&u2, ~3!

wheres is the transition wave number, (2J11) the ground-
state degeneracy, andx the field correction factor
x5(n212)2/9n, wheren is the refractive index of the ma
terial.

The concentration of absorbing centers used in the de
mination of the experimental oscillator strengths must
carefully chosen because only the fraction of praseodym
ions contributing to the optical bands must be taken i
account. Two facts must be considered:~1! As was previ-
ously mentioned, praseodymium ions could be incorpora
not only in the trivalent state but also as Pr41 ions, and~2!
praseodymium ions in CN8 (Oh), CN7 (C3v), and CN6 (C2
or C3i /S6) environments with very different local symme
tries could be present. Charge balance and ionic size a
ments suggest that octacoordinated praseodymium
would prefer the 41 valence state. The Pr41 ion easily com-
pensates the local oxygen charge and its smaller ionic ra
~0.92 Å! is close to those of the Y31 ~0.93 Å! and Zr41

~0.80 Å! ions. Pr41 absorption bands were not clearly o
served because their expected location is inside the cry
absorption edge. The contribution to the absorption band
Pr31 ions in nearly centrosymmetric sites@CN8 (Oh) and
CN6 (C3i /S6)# can also be disregarded, due to their ve
low oscillator strength compared with the noncentrosymm
ric ones@CN7 (C3v) and CN6 (C2)#. As a first approxima-
tion we will assume that only Pr31 ions in noncentrosym-
metric sites contribute to optical bands. The percentage
these centers can be estimated assuming that oxygen va
cies are statistically distributed in the crystal. The probabi
that one of the Pr ions will have two, one, or zero~Pr31 or
Pr41 in nearly centrosymmetric sites! oxygen vacancies a
the nearest neighbors can be determined using the expre

P~n!5S M
n D xn~12x!M2n, ~4!

y
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where M58 is the number of equivalent sites surroundi
the praseodymium ion,n is the vacancy number~0,1,2!, and
x is the total oxygen vacancy fraction~1/20!. The resulting
values are 0.05, 0.28, and 0.66 for two, one, or zero vac
cies, respectively. Thus, we roughly estimate that o
;40% of the praseodymium ions contribute to the opti
spectra, with contributions of'15% and'85% from CN6
and CN7 centers, respectively. These values are in exce
agreement with those previously determined from lifetim
measurements. The estimated;40% implies that a concen
tration value ofN51019 ions/cm3 must be used to calculat
the experimental oscillator strengths in our low-doped cr
tals.

Matrix elements u^JuuU (t)uuJ8&u2 are evaluated in the
intermediate-coupling approach using previously repor
data.32 With these values, theV t parameters are calculate
from the experimental oscillator strengths and the aver
value of the energy level positions through a standard le
squares fit. We excluded the value of the hypersensitive t
sition to the3P2 state as is often done. Results are presen
in Table I. For comparison, results obtained for this ion
some disordered systems have also been included.

Once the intensity parameters have been determined
electric dipole radiative probabilities can be estimated by

AJ→J85
64p4e2

3h~2J11!
n2x (

t52,4,6
V tu^JuuU ~ t !uuJ8&u2. ~5!

Additionally, the radiative lifetimest r51/(JAJ→J8 and the
branching ratiosbJ→J85AJ→J8 /(JAJ→J8 can be estimated
for the main emission channels.

The calculated radiative lifetimes and branching ratios
shown in Table II together with the experimental values a

TABLE I. Experimental and calculated oscillator strengths a
Judd-Ofelt intensity parameters for Pr31 in YSZ single crystals.
Previously reported intensity parameters for Pr31 in other disor-
dered systems are also included.

Transition Oscillator strength (3 1026)
Expt. Calc.

3H4→ 3P2 18.70 –
3P111I 6 8.36 8.37

3P0 6.17 6.15
1D2 1.57 1.20
1G4 0.29 0.18

3F313F4 12.02 12.06
3F2 4.83 4.82

rms 0.133 1026

Matrix JO parameter (3 10220 cm2) Reference
V2 V4 V6

ZBLA glass 0.24 4.5 5.4 33
Na2O.2B2O3 0.77 4.13 3.07 34
Li 2O.2B2O3 0.77 3.84 3.58 34
YSZ16 0.34 7.25 3.56 This Work
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quantum efficiencies. Transitions originating in the3P0 level
which appear in the emission spectrum agree with the ca
lated maximum branching ratios. The poor agreement of
3P0 branching ratios is caused by the high-experimental
certainty, due to overlapping of the high intensity1D2 emis-
sion bands. Moreover, the branching ratio values of
3P0→3H5 emissions~well resolved in the emission spectra!
are strongly affected by theV5u^JuuU (5)uuJ8&u2 product
which is not taken into account in this calculation.35

The agreement is better for the transitions which origin
from the 1D2 state. The data shown in Table II also indica
that a radiative occupancy of the1D2 level from the 3P0
level is not likely to occur. In contrast, the1G4 level can be
populated via3P0 and 1D2 radiative transitions. This would
explain the appearance of transitions starting at the1G4 state
in the emission spectra. Due to the large energy separatio
this state from the3P0 and 1D2 ones, population of the
1G4 state via multiphonon relaxation processes is not
pected. Last, cross relaxation within pairs of Pr31 ions could
populate the1G4 state via the@3P0 ,3H4#→@1G4 ,3H6# re-

TABLE II. Experimental and calculated branching ratios, rad
tive lifetimes, and quantum efficiencies for Pr31 in YSZ single
crystals.

Transition Branching Ratios
Expt. Calc.

3P0→ 1D2 1 31025

1G4 — 0.027
3F313F4 0.024 0.143

3F2 0.095 0.023
3H6 — 0.076
3H5 0.218 0
3H4 0.663 0.731

1D2→ 1G4 0.064
3F313F4 0.130 0.084

3F2 0.217 0.229
3H6 0.216 0.247
3H5 0.062 0.011
3H4 0.366 0.363

Lifetimes (ms!
t r texpt~RT! texpt~LHeT!

3P2 9.5
1I 6 40.0
3P1 9.0
3P0 8.6 1.8 6.1
1D2 186 180 180
1G4 960

Quantum efficiencies
h~RT! h~LHeT!

3P0 0.21 0.70
1D2 0.97 0.97
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laxation scheme. However, this process was shown to o
via an exchange interaction which is effective only for ve
short distances.36

Theoretical and experimental lifetime values are in go
agreement and provide quantum efficiency values of 0.2
the 3P0 level and;1 for the 1D2 state at room temperature
In the absence of energy transfer processes~low-doped
samples!, a value close to unity for the quantum efficiency
the 1D2 luminescence appears to be reasonable because
tiphonon relaxation processes to the distant1G4 state are
unlikely. This value suggests that the only channel for
1D2 depopulation is the radiative relaxation. Moreover,
suming that a decrease of the radiative efficiency of the3P0
level implies an increase in the population of the1D2 level,
as the excitation spectrum indicates, the quantum efficie
of the 3P0 level roughly coincides with the fraction of th
3P0-integrated absorption intensity that is not present in
excitation spectrum of the1D2 luminescence. The exper
mental resulting value for the room-temperature quantum
ficiency of the 3P0 level is h(3P0)'0.2–0.3, which is also
in good agreement with the value predicted by the JO ca
lations.

F. Fluorescence dynamics

Thermally assisted relaxation from the3P0 to the 1D2
levels appears to be the mechanism responsible for the l
nescence observations in low-doped samples. The evid
is ~1! the presence of the3PJ11I 6 states in the excitation
spectra of the1D2 luminescence,~2! both the exponentia
decay curves of the3P0 emissions and their temperatu
dependence, and~3! the increase of the3P0 intensities as the
temperature decreases. The first nonradiative channel t
considered is the3P0 to 1D2 multiphonon relaxation. The
average energy gap between these two levels is;3400
cm21 and the highest frequency of the lattice phonons
YSZ is 685 cm21;37 hence, at least five phonons are nec
sary in this process. Assuming that only phonons with
highest frequency are involved, a multiphonon relaxat
rate ofWNR(0) ' 103 s21 is calculated using the Van Dijk–
Shuurmans modified gap law38,39

WNR~0!5107exp@24.531023~DE22\v!#. ~6!

A value of 103–104 s21 for the WNR(0) relaxation rate in-
dicates that the3P0 luminescence lifetime should decrea
slightly as the temperature increases, in contrast with
experimental findings. In this calculation we have arbitrar
chosen the highest phonon frequency for the multipho
relaxation, even though the electron-phonon coupling m
occasionally be so weak that the effective phonon freque
could be significantly lower.40 Actually, in Er13-doped YSZ,
a phonon frequency of 520 cm21 has been reported for th
phonons involved in the multiphonon relaxation.12 With this
phonon frequency, seven phonons are needed to fill up
energy gap between the3P0 and 1D2 levels. A multiphonon
relaxation process involving the generation of seven phon
is much less likely to occur according to the Moss-Web
dependence of the nonradiative relaxation rate on the num
of effective phonons.39

Another possible channel responsible for the deexcita
to the 1D2 is the well-known relaxation via the 4f 5d level.
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Direct 4f 5d to 4f 2 relaxation has been observed in YA
crystals and has been invoked as the process also oper
in other oxides.22–25,41We have already mentioned the a
pearance of a band in the UV region of the excitation sp
trum, and have assigned this band to the 4f 5d excited con-
figuration of the Pr31 ions. Moreover, the high intensity o
the 1D2 emission under UV excitation must be related to t
direct feeding of this level via the 4f 5d relaxation. We will
use this approach as a plausible explanation for the pr
ously described luminescence dependence on the temp
ture.

A tentative configurational coordinate model is display
in Fig. 8. The diagram was drawn based on the spectral
sitions of the 3P0,1,2→3H4 and 1D2→3H4 transitions and
the edge of the 4f 5d excitation bands. The two 4f 5d pa-
rabolas are associated, respectively, with the two main lu
nescence centers CN7 and CN6. The position and force
stant of the low-lying 4f 5d excited state have been careful
analyzed by de Mello Donega´ et al.25 in several oxides. The
position of the 4f 5d edge in the excitation spectrum is ve
sensitive to the crystal field intensity, and is related primar
to the Pr-O distance, shifting to lower energies with larg
crystal field intensities. Due to the overlapping between
oxygen and the 4f 5d Pr31 wave functions, the interconfigu
rational band has some charge transfer character. Under
hypothesis, oxygen vacancies near Pr31 ions would decrease
the overlap between the 4f 5d wave functions of the Pr31

ion and those of the O22 ligands, resulting in a higher
energy shift in the 4f 5d excitation band. Thus, we hav
assigned the 4f 5d parabola with lowQ to CN7 centers and
that with highQ to CN6 centers. The main difference is th
energy gap between the3P0 and the 4f 5d crossover. For
CN6 centers, this energy gap is moderately large (; 1500
cm21) and thermal populations of the3P1 and 3P2 levels

FIG. 8. Configurational coordinate model for YSZ:Pr31.
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are attended by an emission loss of the3P0 level. Thermal
population also makes it possible for the electrons to re
the crossover between the3P1,2 states and the 4f 5d configu-
ration and to relax down to the1D2 level via the 4f 5d
configuration. In contrast, for CN7 centers the gap is v
small (;120–170 cm21), and thermal population of the
3P1,2 states is not possible. The very efficient quenching
the 3P0 luminescence is attended by the population of
1D2 state via the 4f 5d crossover.

To verify the configurational coordinate model we ha
analyzed the temperature dependence of the emission in
sity. Figure 9 shows the temperature dependence for l
doped samples of the relative intensity~determined by divid-
ing the integrated emission intensity of each transition b
by the total integrated intensity! for transitions from the1D2
and 3P0 states under excitation in the3P2 absorption region
~457 nm!. This plot clearly shows that raising the temper
ture increases the number of photons emitted by the1D2
state and decreases the number of those emitted by the3P0
states. Figure 10 displays the temperature dependence o
relative intensity of the 3P0→3H4 ,3P1→3H5 and
1D2(2)→3H4 transitions in low-doped samples. The la
two transitions start at thermally populated levels. The int
sity of the 3P0→3H4 transition continuously decreases
temperature increases, whereas for the1D2(2)→3H4 transi-
tion it continuously increases with temperature. The em
sion intensity from the3P1 states exhibits a more compl
cated behavior: It rises up to;300 K and decreases slightl
for higher temperatures.

The model we shall consider is shown schematically
Fig. 11. The energy levels correspond to the3PJ multiplet
and the 4f 5d crossover parabolas depicted in Fig. 8. T
latter levels are located at different positions for CN6 a
CN7 centers and act as luminescence traps. Since both
and CN7 centers contribute to the3P0 emission band, the
temperature dependence of the3P0 intensity can be given by
Mott’s formula adding the contributions of the two center

I ~T!5I
3P0

CN6
~T!1I

3P0

CN7
~T!, ~7!

where

FIG. 9. Temperature dependence of the emission relative in
sity for the 3P0 and 1D2 emission levels.
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N6

I
3P0

CN6
~T!5

I
3P0

CN6
~0!

11Aexp~2E01/kT!1Bexp~2E02 /kT!
~8!

and

I
3P0

CN7
~T!5

I
3P0

CN7
~0!

11Cexp~2ET /kT!
~9!

describe the contribution of each center. In the previous
pressionsA, B, andC are adjustable parameters,I CN6(0) and
I CN7(0) are the intensities atT50, andE01, E02, andET are

n-

FIG. 10. Relative emission intensity vs temperature for~a!
3P0→3H4 transition, ~b! 1D2(2)→3H4 transition, and ~c!
3P1→3H5 transition. The solid lines represent the correspond
theoretical fit.
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the energy-level separations for the two centers~see Fig. 11!.
The result of the calculation is depicted in Fig. 10~a!. The
resulting activation energies areET 5 120 cm21 and E02
51440 cm21. The E01 5 500 cm21 coincides with the ex-
perimental~516 cm21) energy separation between3P0 and
3P1 states. An activation energy of 120 cm21 implies that at
very low temperatures (T;2 K!, the direct3P0→3H4 relax-
ation should be strong. However, the large inhomogeno
broadened halfwidth of the3P0 absorption band makes th
3P0 to 1D2 relaxation via the 4f 5d crossover also possible

In order to obtain additional information, the temperatu
dependence of the reciprocal of the3P0 lifetime ~displayed
in Fig. 12! was also analyzed with our configurational coo
dinate model for low-doped samples. The temperature
pendence of the3P0 decay time can be described by39

1

t
5

1

t r
1WNR~0!exp~2DEQ /kT!, ~10!

whereWNR(0) is the nonradiative relaxation rate andDEQ
the activation energy. The fit depicted in Fig. 12 yields
activation energy of 170 cm21 and a nonradiative relaxation
rate of;106 s21. This result agrees with the activation en
ergy for CN7 centers determined from intensity measu
ments@see Fig. 11~a!#. Since the depopulation channel 4f 5d
for CN6 centers starts at an energy much higher than
CN7 centers, the expected lifetime value for CN6 cent
must be longer than for CN7 centers:tCN6.tCN7. Thermal
population of the3P1 level implies that the CN6 lifetime

FIG. 11. Eschematic energy-level diagram for CN6 and CN
centers.

FIG. 12. Reciprocal of the lifetime of the3P0 level as a function
of temperature. Solid line is a plot of the theoretical fit.
s
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decreases with temperature. Unfortunately, the CN6 con
bution is not clearly established from the experimental
sults. The relatively low number of CN6 centers~15%! and
the presence of the intrinsic luminescence, responsible
the previously mentioned long-lived background in the lif
time measurements, complicates the experimental determ
tion of the two expected lifetime components.

In accordance with our model, the3P1 levels are only
populated for the CN6 center. Assuming that both3P1 and
1D2~2! levels are thermally populated from3P0 and 1D2~1!
levels, respectively, the temperature dependence of thei
tensities is described by

I 1D2~2!~T!5

I 1D2~1!~0!Gexp~2DE/kT!

11Dexp~2DE/kT!
~11!

and

I
3P1

CN6
~T!5

I
3P0

CN6
~T!Fexp~2E01/kT!1I

3P1

CN6
~0!

11Hexp@2~E022E01!/kT#
, ~12!

whereD, F, G, andH are adjustable parameters,I 1D2(1)(0)

and I
3P1

CN6(0) are the intensities atT50 for both levels, and

DE is the energy separation between1D2~1! and 1D2~2!
levels. With the previously obtained values forE01 andE02,
and the experimental valueDE5833 cm21, the temperature
dependence of the luminescence intensities of the3P1 and
1D2~2! states is reproduced using Eqs.~11! and ~12!. The
resulting fitting curves are depicted in Figs. 10~b! and 10~c!.
The agreement with the experimental results is excellent
validates the proposed model.

The activation energy~1440 cm21) determined for the
luminescence trap of the CN6 center is close to the ene
position of the3P2 state~located at;1900 cm21 above the
3P0 level!, indicating that the energy trap position rough
coincides with the presumable energy position of the 4f 5d
crossover.

Last, nonradiative3P0 relaxation via host lattice excited
states can occur provided that the lattice states are at the
energies. In this case, however, the excitation energy app
to be mostly lost via nonradiative channels or by intrins
luminescence rather than to populate the1D2 level which is
primarily responsible for the Pr31 luminescence.

IV. CONCLUSIONS

Optical absorption and luminescence of Pr31-doped YSZ
crystals have been analyzed. The dynamics of the Pr31 lu-
minescence in YSZ is satisfactorily explained assuming t
Pr31 ions are present in two oxygen coordinations~assigned
to CN7 and CN6 centers! with a statistical distribution. The
energy position of the excited 4f 5d configuration plays an
important role in the fluorescence dynamics. The3P0-4 f 5d
crossover energy gap is very different for each cen
;120–170 cm21 and ;1500 cm21 for the CN7 and CN6
centers, respectively. For the minority CN6 centers, therm
population of the3P1,2 levels is attended by an emission lo
of the 3P0 level, which eventually relaxes down to the1D2
level via the 4f 5d configuration. In contrast, for the majorit
CN7 centers, excitation in the3P0,1,2 region rapidly

7
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relaxes ~via the 4f 5d crossover! to the 1D2 states from
which the luminescence primarily takes place. The fluor
cence emission starting at the1D2 state exhibits a complex
decay with lifetimes of 180ms and 53ms, due to contribu-
tions of CN7 and CN6 centers, respectively. For the3P0
emission, the contribution of the minority centers was n
resolved. This decay is nearly exponential with a lifetime
;6 ms at low temperatures which strongly decreases as
temperature is raised. Under the assumption that only n
centrosymmetric praseodymium ions (;40% of the total
concentration! contribute to the luminescence emission, t
Judd-Ofelt theory is used to estimate the quantum effic
cies of the main luminescence channels. A quantum e
ciency of 0.2 is obtained for the3P0 emission at RT. This
value increases to 0.7 at low temperature. The estim
value for the quantum efficiency of the1D2 state is
close to 1.
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Energy transfer has been observed in heavily do
samples and is related to cross relaxation processes am
the nearest Pr31 ions. Decay curves were analyzed using t
Inokuti-Hirayama model and indicated that dipole-dipole
teraction is responsible for the quenching effect of both li
time and emission intensity.
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