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Optical characterization of Pr3*-doped yttria-stabilized zirconia single crystals
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(Received 7 March 1997

The optical absorption and fluorescence of Pions in yttria-stabilized zirconia single crystals are inves-
tigated. Fluorescence emissions from s, level are clearly dominant and low intensity emission lines from
the 3P, and G, states are also observed. Analysis with the Judd-Ofelt theory of the absorption intensities has
been made assuming that only40% of the praseodymium ions contribute to the optical absorption bands.
Quantum efficiency values af(3Pg)~0.2 and5(*D,)~ 1 are obtained at room temperatuf®, fluores-
cence quenching has been observed in heavily-doped samples due to cross relaxation processes among neigh-
boring PP* ions. Analysis using the Inokuti-Hirayama model shows that electric dipole-dipole interactions are
mainly responsible for the quenching effect®Prions are present in seven and sixfold configurations with a
statistical distribution. The energy position of thésdl configuration is very different for each center. The
fluorescence dynamics is explained by a mechanism involving thermally assisted populatioriPf sheH
upper levels and fast relaxation to th&D, level via states of the excited fBd configuration.
[S0163-18297)02734-3

[. INTRODUCTION peratures. Oxygen vacancies result in slight departures of the
local environment from the fluorite-type lattice. The oxygen

The fluorescence of Bf ions has been intensively stud- coordination around active impurities is not only eightfold
ied in the last decades in a large variety of crystalline andCN®) but also sevenfoldCN7) and sixfold (CN6)."* CNS,
glass materials. Interest in studying®Prdoped solid-state CN7, and CN8 environments have been reported fot ‘Eu
materials has been renewed due to the fact that its emissigiid EF*-doped YSZ;**#%with the amount of ions in each
spectra have been extended from the blue to the near infraréife strongly depending on the crystal composition. However,
region! Laser action has been reported foPPrions in dif-  SOMe |mp_ur|t|e§, such_as_l{id are incorporated only in CN7
ferent crystals such as YAG, LiYF and YAIO; as well as _conﬁgqrahoné Impgrlty ions are located 'at cation sites; the
in fibers1~* Additionally, up-conversion lasing under IR ex- ideal site symmetry i©), for ions in CN8 sitesCs, symme-

citation has been demonstrated irf Prdoped system3this try for ions in QN?_sites, an@s; /Ss or C, in CNG sites.
is important in developing compact systems using IR |ase[:OPraseodym|um lons may adopt both &and 4+ states.

diode pumping devices. The Pr luminescence mainly rmation of ~oxygen-deficient  praseodymium _com-
- o ; . ounds PgO,; (4 Pro, + Pr,O3) and PrO4, (3 Pro
originates at transitions fromP, or 1D, multiplets of the " o §O0 (4 Pro, 203) 7015 ( 2

: : , _ ~ + 2 Pr,03) with the fluorite like structuré® where only 1/3
2 + 2V 3 ’
4f2 configuration of the P¥" ion. Other important transi- and 4/7 of the praseodymium ions, respectively, are in the

tions for laser applications start from tH§54 stgte‘? trivalent state, is well known. In YSZ praseodymium ions
Yttria-stabilized zirconigYSZ) is a solid ionic conductor 4 substitute ¥+ and zZ** cations and appear in both

with applications ranging from oxygen sensors to solid fuel,gjence states. P to Pr** conversion has been observed

cells! Its high ionic conductivity at high temperatures is re- i, the Pr,05-ZrO, solid solution, making it unsuitable as a

lated to oxygen vacancies already present in the YSZ crystaolid-state electrolyté®

associated with the charge compensation induced when |n this paper, an extensive investigation of the optical

Y ,0; is added to ZrQ to stabilize the cubic phase. The properties (absorption and luminescencef Pr3*-doped

vacancy site has been intensively investigated in recentSZ crystal is reported. We have studied the luminescence

years®™1° The possibility of growing large YSZ crystals of decay curves of théP, and D, levels which are mainly

good optical quality makes this system a good candidate teesponsible for the luminescence. From these data, the fluo-

be used in optical devices. Laser action has been reported fegscence dynamics has been analyzed. Under the assumption

Nd3*-doped YSZ and yttria-stabilized hafnig SHf) and  that only a fraction of praseodymium ions contribute to their

for erbia-stabilized zirconigErS2) doped with several rare- |luminescence properties, the Judd-Ofelt theory is success-

earth ions(Ho®", Tm3*, or Er?*") 12 fully used to estimate the quantum efficiency of the main
YSZ or (ZrO,) 1 _,(Y ,03) « has the Cak structure for a  luminescence channels. Concentration effects have also been

wide range ofx values. The sites of impurity ions and their investigated.

associated oxygen vacancy redistribution have been analyzed

using luminescence as an optical pr8B&:“Because of the Il EXPERIMENTAL PROCEDURE

highly distorted structure, impurities can be located in a large '

number of sites. This inherent disorder is responsible for Single crystals of ZrQ@ stabilized with 16 wt % of

inhomogeneously broad optical bands even at very low temY ,0O5; and doped with 0.05 and 0.2 wt % of J@; were
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FIG. 1. Room-temperature absorption spectrum of a - I } 3F3,4
Pr3*-doped YSZ crystal. The inset shows an enlargement of the , 3F
3H,—1G, transition. Final levels involved in the transitions are 5 } 3H2
indicated. ¢
3
purchased from CERES Corporation. Excellent optical qual- b
ity crystals were grown by the skull method. The sample 1.200= } 3y
density is 5.9 g/cm and the refractive index is about 2.17 at ot ! 4
500 nm.

Samples were cut with a diamond saw and FIG. 2. Energy level diagram of Pt-doped YSZ crystals.

polished to optical quality. X-ray fluorescence analysis
of two types of as-received crystals show that theirspectrum of a YSZ:Fr" crystal in the 400—2200 nm inter-
compositions are  ¥1oHf 0080 79P 001 1.901 @nd  val. Four groups of broad absorption bands, corresponding to
Y 0.10Hf 0.08Zr 0.70P 0,070 1901 Which implies praseody- transitions between théH, ground state and excited states
mium concentrations of 2:210' cm™3 and 1.%10%° inside the 42 configuration of the F¥* ion, are observed.
cm™3, respectively. Unless otherwise stated, the opticalThe structure of each band is due to the stark splitting of the
measurements were made in the former crystals. different multiplets by the matrix crystal field. Due to the
Optical absorption measurements in the UV-visible-IRhighly distorted structure of YSZ, absorption lines have a
were made with a Perkin-Elmer Lambda 19. Infrared-jarge inhomogeneous broadened half-width, and no indi-
absorption data were taken with a Perkin-Elmer 200Q,iqya| centers can be identified. The absorption transitions
Fourier-transform IR spectrometer. Both excitation and fluoy,5ve been assigned by comparing our absorption spectrum
rescence measurements were made with either a Jobin-Yvop, previous dat&:*”8 The high-energy group overlaps

or a Perkin-EImer spectrofiuorimeter. For high-resolutionwith the absorption edge of the matrix at about 450 nm and
emission measurements a Spectra Physics faser was . . .
o . ; as associated with transitions from tHeél, state to the

used as the excitation source. The emitted light was focuse\g 1 .
into the entrance slit of a SPEX 1000M monochromator and.' 012" 16 muItlpIets._The two broadbqrjds located at about
detected with either a Hamamatsu R943-02 cooled phot?00 NM were associated with transitions from thiel
multiplier or a InGaAs Hamamatsu G3476-03 photodiodedround state to the two Starkf:fmponents of Hﬁ}% state.
The spectra were recorded with a SR400 gated photofn€ Strong splitting ¢ 800 cm™") observed in this transi-
counter or a HP 7240 nanovoltmeter. For lifetime measuretion indicates a relatively intense crystal field around the
ments a Spectra Physics MOPO 730-10 was used as tfr3" ion. The inset shows the weak bands centered at about
pulsed excitation source. The fluorescence decay was rdé000 nm which correspond to the spin forbidden
corded in a Tektronix 2440 digital oscilloscope. Low- *H,—!G, transitions. The near-infrared grou{d200—2200
temperature measurements were made with either an opticaim) were associated with transitions to tﬁ62,3,4 multiplet
He closed-cycle Leybold cryostat or a liquid-helium evapo-and 3Hg states. It should also be noted that the absorption
ration Oxford cryostat. lines located at- 4000 nm(not shown in the figunecorre-

Thermal anneals in a reducing atmosphere were pefsponding to®H,— ®H; transitions were not clearly resolved
formed with the samples inside a graphite container surgue both to their low intensities and to the fact that they

rounded by flowing nitrogen gas inserted in a horizontal fur-strongly overlap with the CQ lines always present in the
nace. High-temperature oxidizing treatments were made iBtmosphere.

flowing oxygen gas. Figure 2 depicts the energy diagram of thé Pion de-

rived from the absorption spectrum. The position of the
IIl. RESULTS AND DISCUSSION %H; band inferred from the emission spectra is also in-
cluded. In this scheme thkS, and !l 4 states are absent. The
former lies at very high energies-(46 000 cm ? is usually
Figure 1 shows the room-temperatuf@T) absorption acceptetifrom the ground state; the latter is not observed in

A. Absorption spectra
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FIG. 3. Room-temperature emission spectrum for a YSZ:Pr FIG. 4. Emission spectra at 295 K and 25 K for a YSZ:Pr
crystal (\e,= 457 nm). Levels involved in the transitions are indi- crystal (\¢,=457 nm. The RT spectrum is enlarged 3 times. The
cated. The intensities are corrected for detector response. intensities are corrected for detector response.

the absorption spectra due to the spin-forbidden character @bserved. Figure 4 shows the low-intensity luminescence in
the ®°H,—'1¢ transition and is assumed to be close in energythe 470-600 nm region. Two lines at 534 and 588.5 nm
18 . . . ] . . .

to the °P; state.” _ _ _disappeared, indicating that they are associated with transi-
By analogy with the absorption bands of the isoelectronigjons starting at thermally populated levels. These lines are

3 . . .
Ce” ion, thef—d absorption bands of Iﬂ%mns aré ex-  ascribed to transitions from th&P; level to the low-energy
pected to occur in the 300-400 nm regionA Previous  |oe| of the 3H, multiplet (534 nm) and from the highest-
work assigned the low energy side of the absorption edge t8nergy band of the'D, multiplet to the ground state; we
a broad absorption band related to*Prions!’ This band have labeled this 588% am line 38,(2)H, in Fig 4
. 2 — 4 . A

disappears after annealing in vacuum-at173 K. Itis well The excitation spectra of YSZ:Pt recorded for three

known that a broad absorption band peaking at 375 nmis . . .
also present in undoped YSZ crystals, making the previou mission wavelengthé05, 533, and 640 njrare shown in

assignment of this band to r very doubtful!®2!In addi- F19- - The appearance of t_h”@oylyz bands in the excitation
tion, thermal anneals up to 1900 K in oxidizing or reducing SPectra of the'D,— °H, luminescencé640 nn clearly in-

atmospheres do not change the absorption intensities of tHficates that a nonradiative relaxation from tHey, » levels

l . . . .
Pr3* absorption lines, indicating that valence state converlo the "D, state occurs. The luminescence originates prima-

sion 3+ < 4+ did not occur and that both Bt and P#* rily at this latter level. In addition, a broad and structured

; ; ; d could be observed in the near-ultraviolet red@200—

ions are very stable. In conclusion, the absorption band at thR2" _ :

absorption edge cannot be definitely assigned tt" Rons. 350 nm). Th|.s ba_md ha_d two main pe_aks at 280.an.d 320 nm
whose relative intensity changed with the emission wave-

length. Excitation of this band produced the characteristic
B. Fluorescence experiments luminescence spectrum of the¥®rion but the intensity of

Figure 3 shows the emission spectra obtained under excihe transitions from théD, level increased relative to those

tation in the®P, multiplet (457 nm). The high intensity lines
correspond to transitions from th®, level. The'D,—H, 40 ; ; ; ;
emission transitiori615 and 641 nm lingsvas clearly domi-
nant and produced a relatively intense red-orange lumines- ;
cence. Emissions from th&P, state were of low intensity @ 30},

—» hom= 533 Pm

nits

compared with the aforementioned ones and were better re- § : R
solved at low temperatures. Some of the emission lines ¢ a—» Agm= 640 NM
present in the spectrum shown in Fig. 3 were absent when = :
the crystal was excited in théD, region (585 nm), thus
allowing separation of the transition lines starting from these
levels from those which originate at th#P; levels. Two
luminescence spectra were recorded under excitation with £ )
two other argon laser lingg 77 and 489 nm small changes 0
observed in the relative intensity of some luminescence 300 200 500 500
peaks suggest that more than one type of center is present, a

occurs in other rare-earth-doped Y$Z*® Low-temperature WAVELENGTH (nm)
emission spectra showed the same emission lines as in the FiG. 5. RT excitation spectra of a YSZPr crystal for three
RT spectra but with higher resolution due to thermal depopuemission wavelengthsk ;=505 nm (solid line), A¢=533 nm
lation of the upper levels. A significant increase of the rela-(dashed ling and\ ;=640 nm(dotted ling. The spectra are nor-
tive intensity of the transitions from th&, levels could be  malized to the®P, band intensities.

10

TENSITY (a
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. . T of nonradiative losses or Pt ions in different crystalline
(@) environmentdgfor instance, CN7 and CN6 centgrdlonex-

P, >°H, ponential decays with similar decay times have also been
found for the'D,—3H, praseodymium transitions in YAG
crystals doped with low concentrations of *Prions, and
attributed to slightly distorted centef§Results presented in
the following sections will show that théD, decay is re-

1 lated to two types of centers. If two centers are involved in
102} =) resosk | the luminescence decay of th®, level, they should also be
K ) - responsible for the decay of th#, level. Thus, two expo-

nential lifetimes should be resolved in the luminescence de-
. .. cay of the®P, level. Experimentally, only one lifetime~ 6
5 10 15 20 us is observed, indicating either that both lifetimes are very

TIME (ps) close and are difficult to resolve or that the concentration of
the centers responsible for the unobserved component is low,
, as is the case for th&D, emission. The low-intensity intrin-
sic luminescence, which overlaps with the tail of tRe,
emission, also masks the second lifetime component.

-1 h ‘ -
107 F w T=30K

INTENSITY (arb.units)

t= 1848,

10?

D. Pr3* jon concentration

10" | ] 1 In order to obtain additional information on the lumines-
cence parameters, we have studied the effect of increasing
the concentration of Bf in the samples. The emission spec-
tra for highly doped sampled.7 X 10%° cm™3) are mainly
the same as those with lower concentration but with several
differences which must be related to the redistribution of
centers. The most noticeable difference is that the relative
intensity of the emissions starting from thtP, level is
larger in the sample with a higher r concentration. A

FIG. 6. Decay time curves of th@) 3PO—>3H4Iumingscence at  similar effect was previously observed in *Prdoped
295 and 30 K §e= 457 nm and (b) ID,(1)—3H, luminescence | 5.0, 24 La,P50,,2° and LiNbO;,? and attributed to a
(Aex=488 nm). Decomposition on two exponential decays is girong concentration quenching of the, luminescence due
showed. to cross relaxation between Pr ions. The[!D,,3H,]—
[1G4,3F3,4] cross relaxation channel is more efficient than
the [3Py,%H,4]—['G,4,'G,] channel because the energy
mismatch between the levels involved in the latter process is
much larger than for the formé?.

Lifetime measurements show a nonexponential decay for
Stransitions from bot?P, and 1D, states. The decay curves
are also temperature dependent, indicating that the lumines-
cence process is very complex. Disregarding the small con-
tribution of the minority centers, low-temperature decay
C. Lifetime measurements curves(see Fig. 7 can be accurately fitted by the continuous

Analysis of the luminescence decay curves provides inlnokuti-Hirayama modef?
formation on the luminescence processes. Measurements of
the luminescence decays from both tfe, and D, levels lO=lexd — L—1[1- 3N L 3
were carried out at temperatures from 15 to 300 K. (D=1(0)ex T s)Co\ 7; '

Figure Ga) shows the luminescence decays from the
3P, level. Nearly exponential decays were observed, withwhere , is the radiative lifetimeN is the concentration of
lifetimes changing from 6.1 to 1.8s as the temperature the luminescence cente@y=3/47R3 is the critical concen-
increases. The slow component of the decay curve is betteration, andR is the critical radius defined as the distance at
resolved at low temperature and is mainly related to the inwhich an isolated donor-acceptor pair has the same transfer
trinsic luminescence, always present in the sample, whichate as the spontaneous decay rate of the donor. The charac-
has a much longer lifetim®. Decay curves from théD, ter of the multipolar interaction responsible for the energy
level are nonexponential and are decomposed in two expdransfer process is given ky#6,8,1Q . . . fordipole-dipole,
nential decays, withr;=180 us and 7,=53 us, being dipole-quadrupole, .., respectively. The fit shows that the
~82% and~ 18% the percentages of the initial intensity of dipole-dipole interactiong = 6) is the main process respon-
each lifetime component; and 7,, respectively[see Fig. sible for the shortening of the fluorescence lifetimes in
6(b)]. These decays are temperature independent. The nosamples with a high praseodymium concentration, and yields
exponential behavior can be associated with either some kinal value of N/C, = 0.91 for the critical ratio. This value

1, =53 us

INTENSITY (arb.units)

1 00 1 I 1
0 200 400 600 800

TIME (us)

starting at the®P, levels. Intrinsic luminescence was also
induced under UV excitatioff. Based on previous assign-
ments of the 4°—4f5d excitation transition in P¥*
ions?1~2° we associate the excitation band at 320 nm with
Pr3* ions in CN7 sites, while the band peaking at 280 nm i
related both with the P ions in CN6 sites and with exci-

tation of the intrinsic YSZ luminescence.

()
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. . . Although application of the standard theory to the lumines-
() cence of Pf' ions suffers from several problerswe
3p L3 found the theory could usefully be applied to analyze the
o T4 luminescence of the Pf in YSZ crystals.
The JO theory assumes that the different stark levels in
1021 _ | the ground state are equally populated. Due to the strong
T=25K splitting (~ 1200 cmi 1) of the 3H, ground state, deter-
mined by emission measurements, we have recorded the ab-
“HL ‘ sorption spectra at moderately high temperats€9 K) to
satisfy as closely as possible the equipopulation requirement.
., From these spectra the experimental oscillator strengths were
determined using the expression

TIME (us) emc
f —_—4J a(N)dN, 2
expt hNX (N) 2

(b) 1 wherem is the electron mass,the speed of lighth Planck’s

'D, emission constanta the fine structure constark, the average transi-
tion wavelengthg()\) the absorption coefficient, ard the
density of the absorbing ions.

In this theory, the electric dipole oscillator strength be-
tween two states characterized byndJ’ is given by

10"L

103}

INTENSITY (arb.units)

10"}

102}

8mmco
=S 1 37y]2
feo=ghzar 1 X, 2, HIGIVYIIOE @

INTENSITY (arb.units)

-3 E . .
10 100 200 300 200 whereo is the transition wave number, {2 1) the ground-

TIME (us) state degeneracy, angy the field correction factor
x=(n?+2)2/9n, wheren is the refractive index of the ma-
terial.

The concentration of absorbing centers used in the deter-
mination of the experimental oscillator strengths must be
carefully chosen because only the fraction of praseodymium
ions contributing to the optical bands must be taken into

indicates that the concentration ofPrions is close to that 2ccount. T\_NO facts must be _congderéﬂ) As was previ-
necessary to have equal probability foPPr— Pr3* trans- ously mentioned, praseodymium ions could be incorporated

fer or radiative decays. From these results, we conclude th&ot only in _the t_nvalc_—znt state but also as*Prions, and(2)
energy transfer among PF ions is the mechanism respon- Praseodymium ions in CN8&J), CN7 (Cg,), and CN6 C,

sible for both the shortening of the fluorescence decay anfl’ C3i/Se) environments with very different local symme-
the intensity decrease of the emission from both levels irfli€S could be present. Charge balance and ionic size argu-
heavily doped samples. The accuracy of the fit suggests ments suggest that octacoordinated praseodymlum ions
statistical distribution of P¥* ions with the dipole-dipole Would prefer the 4- valence state. The PT ion easily com-

interaction as the main process responsible for the quenchirfgEnsates the local oxygen charge and its smaller ionic+radius
effect. (0.92 A) is close to those of the ¥ (0.93 A and zr*

From theN/C, value, the critical radiu, is obtained  (0-80 A) ions. Pf absorption bands were not clearly ob-
as a function of the average Pr-Pr distande, served because their expected location is inside the crystal
'S absorption edge. The contribution to the absorption band of
; Pr3* ions in nearly centrosymmetric sité€N8 (O;) and
Ro~Rad2 for heavily doped and low-doped crystals, re- _ h/ <
0=Ravd y £op P y CN6 (C3;/Sg)] can also be disregarded, due to their very

spectively. Thus, the complex behavior of thB, decay I o h d with th
curves for the samples with a low praseodymium concentra®W oscillator strength compared with the honcentrosymmet-

tion cannot be related to energy transfer processes inducdlf ON€SICN7 (Cs,) and CN6 Cy)]. As a first approxima-

by a concentration effect unless the>Prions are inhomo-  tion we will assume that only Pr ions in noncentrosym-
geneously distributed. The observation of two lifetimes inMetric sites contribute to optical bands. The percentage of
the 1D, decay curves in low-doped samples is explaine hese centers can be estimated assuming that oxygen vacan-

considering Pt* ions located in sites with different oxygen ;:2‘:’ g;zS;?i'ﬁ?g:“{;:}'?&ﬁff:é‘ ttvk\]/g c(;)r/]setangzhéeR?g?b;blllty
environments. , ONe,

Pr** in nearly centrosymmetric site®xygen vacancies as
the nearest neighbors can be determined using the expression

FIG. 7. Decay time curves at 25 K of a praseodymium heavily
doped YSZ crystal (8 3Py—°3H, Iluminescence and(b)
'D,(1)—3H, luminescence\ .,,=457 nm. The theoretical fit using
the Inokuti-Hirayama model is also shown.

=(47N/3)" Y3, The resulting values ardR,~R,, and

E. Judd-Ofelt calculations

The Judd-Ofelt(JO) theory is widely used to calculate P(n)= M WN(1—x)M—n @
4f transition intensities of rare-earth ions in various matrices. (M= n ( ) ’
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TABLE |. Experimental and calculated oscillator strengths and TABLE Il. Experimental and calculated branching ratios, radia-
Judd-Ofelt intensity parameters for3Prin YSZ single crystals. tive lifetimes, and quantum efficiencies for *Prin YSZ single
Previously reported intensity parameters fof Piin other disor-  crystals.
dered systems are also included.

Transition Branching Ratios
Transition Oscillator strengthX( 1076) Expt. Calc.
Expt. Calc.
3py— D, 1x10°°
SH,— p, 18.70 - G, — 0.027
3P+l 8.36 8.37 SF3+3F, 0.024 0.143
3p, 6.17 6.15 3F, 0.095 0.023
D, 1.57 1.20 3H, — 0.076
G, 0.29 0.18 SH, 0.218 0
3Fa+3F, 12.02 12.06 3H, 0.663 0.731
°F, 4.83 4.82
D,— G, 0.064
rms 0.13x 1076 3F,+3F, 0.130 0.084
SF, 0.217 0.229
3
Matrix JO parameterX 1072° cm?) Reference 3H6 0.216 0.247
Hs 0.062 0.011
22 4 s 3H 0.366 0.363
4 . .
ZBLA glass 0.24 4.5 54 33
Na,0.2B,0; 0.77 4.13 3.07 34 .
Li,0.2B,05, 0.7 3.84 3.58 34 Lifetimes (u.s)
YSZ16 0.34 7.25 3.56  This Work T Texp(RT) Tep(LHET)
*p, 9.5
Y 40.0
where M =8 is the number of equivalent sites surrounding 3p, 9.0
the praseodymium iom is the vacancy numbéf,1,2, and 3P0 8.6 18 6.1
X is the total oxygen vacancy fractiqd/20). The resulting 1D, 186 180 180
values are 0.05, 0.28, and 0.66 for two, one, or zero vacant, 960
cies, respectively. Thus, we roughly estimate that only.
~40% of the praseodymium ions contribute to the optical
spectra, with contributions of15% and~85% from CN6 Quantum efficiencies
and CN7 centers, respectively. These values are in excellent 7(RT) n(LHeT)
agreement with those previously determined from lifetime;
measurements. The estimatedl0% implies that a concen- *Po 0.21 0.70
tration value ofN=10%° ions/cn? must be used to calculate D2 0.97 0.97
the experimental oscillator strengths in our low-doped crys-
tals.

Matrix elements|(J||[UM[|J’)|? are evaluated in the quantum efficiencies. Transitions originating in t#e, level
intermediate-coupling approach using previously reportedvhich appear in the emission spectrum agree with the calcu-
data®? With these values, th€), parameters are calculated lated maximum branching ratios. The poor agreement of the
from the experimental oscillator strengths and the averagéPo branching ratios is caused by the high-experimental un-
value of the energy level positions through a standard leastertainty, due to overlapping of the high intensity, emis-
squares fit. We excluded the value of the hypersensitive trarsion bands. Moreover, the branching ratio values of the
sition to the3P, state as is often done. Results are presentedP,— *Hs emissiongwell resolved in the emission spedtra
in Table I. For comparison, results obtained for this ion inare strongly affected by theds|(J||U®)||3")|? product
some disordered systems have also been included. which is not taken into account in this calculati

Once the intensity parameters have been determined, the The agreement is better for the transitions which originate
electric dipole radiative probabilities can be estimated by from the D, state. The data shown in Table Il also indicate

that a radiative occupancy of thtD, level from the 3P,
64mte? ® 5 level is not likely to occur. In contrast, thkG, level can be
Asoar= 3h(2J+1) n? X, 2 QIQIUPIRDE 6 populated via®P, and 1D, radiative transitions. This would
explain the appearance of transitions starting at'tBg state
Additionally, the radiative lifetimes, =1/2;A;_; and the in the emission spectra. Due to the large energy separation of
branching ratios8; .; =A;_ 5 /=;A, ., can be estimated this state from the®P, and 'D, ones, population of the
for the main emission channels. 1G, state via multiphonon relaxation processes is not ex-

The calculated radiative lifetimes and branching ratios argected. Last, cross relaxation within pairs of Piions could

shown in Table Il together with the experimental values andopulate thelG, state via the[3Py,3H,]—[1G4,3H¢] re-
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laxation scheme. However, this process was shown to occur
via an exchange interaction which is effective only for very
short distance? 3,
Theoretical and experimental lifetime values are in good °p,
agreement and provide quantum efficiency values of 0.2 for 30+ °P,
the 3P, level and~1 for the 1D, state at room temperature.
In the absence of energy transfer procesflesv-doped
sampley a value close to unity for the quantum efficiency of
the 1D, luminescence appears to be reasonable because mul-
tiphonon relaxation processes to the distaf, state are
unlikely. This value suggests that the only channel for the
1D, depopulation is the radiative relaxation. Moreover, as-
suming that a decrease of the radiative efficiency ofihg
level implies an increase in the population of tHe, level,
as the excitation spectrum indicates, the quantum efficiency
of the 3P, level roughly coincides with the fraction of the
3p,-integrated absorption intensity that is not present in the
excitation spectrum of théD, luminescence. The experi-
mental resulting value for the room-temperature quantum ef-
ficiency of the*Pq level is 7(3Py)~0.2—0.3, which is also oL
in good agreement with the value predicted by the JO calcu-
lations.

1D.@
2(1)

N
o
T

N
o
T

3H4

ENERGY (10%cm )

F. Fluorescence dynamics Q

Thermally assisted relaxation from th#, to the D,
levels appears to be the mechanism responsible for the lumi-  FIG. 8. Configurational coordinate model for YSZPr
nescence observations in low-doped samples. Thg e‘(idenﬁirect 4f5d to 4f2
is (1) the presence of théP;+ 1l states in the excitation
spectra of the'D, luminescence(2) both the exponential
decay curves of the’P, emissions and their temperature
dependence, an@) the increase of théP, intensities as the
temperature decreases. The first nonradiative channel to

relaxation has been observed in YAG
crystals and has been invoked as the process also operating
in other oxide$?~?>*1\We have already mentioned the ap-
pearance of a band in the UV region of the excitation spec-
t%lm, and have as?signed this band to tH&dl excited con-

. i ) ; iguration of the PF* ions. Moreover, the high intensity of
considered is thé’P, to "D, multiphonon relaxation. The o 1D, emission under UV excitation must be related to the
ave_r?ge energy gap between these two I_eveI&MOO . direct feeding of this level via thefsd relaxation. We will

cm_* and the highest frequency of the lattice phonons inse his approach as a plausible explanation for the previ-

H —1.37 :
YSZ is 685 cm 7”" hence, at least five phonons are necesy, ,qy described luminescence dependence on the tempera-
sary in this process. Assuming that only phonons with thqure

highest frequency are involved, a multiphonon relaxation
rate of Wyr(0) =~ 10° s 1is calculated using the Van Dijk—
Shuurmans modified gap &%

A tentative configurational coordinate model is displayed
in Fig. 8. The diagram was drawn based on the spectral po-
sitions of the *Pg; ,—~3H, and 'D,—3H, transitions and

a7 _ 3 _ the edge of the #5d excitation bands. The twof4sd pa-
Wir(0)=10'exi{ —4.5¢ 10 H(AE=2Aw)] ® rabolas are associated, respectively, with the two main lumi-
A value of 16-10* s~ for the Wyg(0) relaxation rate in- nescence centers CN7 and CN6. The position and force con-
dicates that the’P, luminescence lifetime should decrease stant of the low-lying 45d excited state have been carefully
slightly as the temperature increases, in contrast with ouanalyzed by de Mello Donégat al?* in several oxides. The
experimental findings. In this calculation we have arbitrarily position of the 45d edge in the excitation spectrum is very
chosen the highest phonon frequency for the multiphonosensitive to the crystal field intensity, and is related primarily
relaxation, even though the electron-phonon coupling mayo the Pr-O distance, shifting to lower energies with larger
occasionally be so weak that the effective phonon frequencgrystal field intensities. Due to the overlapping between the
could be significantly lowef® Actually, in Er*3-doped YSZ,  oxygen and the #d Pr3* wave functions, the interconfigu-
a phonon frequency of 520 cnt has been reported for the rational band has some charge transfer character. Under this
phonons involved in the multiphonon relaxatifiwith this  hypothesis, oxygen vacancies neaf Prons would decrease
phonon frequency, seven phonons are needed to fill up thiéae overlap between thef8d wave functions of the Pf
energy gap between th#, and !D, levels. A multiphonon ion and those of the & ligands, resulting in a higher-
relaxation process involving the generation of seven phonongnergy shift in the 45d excitation band. Thus, we have
is much less likely to occur according to the Moss-Weberassigned the #bd parabola with lowQ to CN7 centers and
dependence of the nonradiative relaxation rate on the numbénat with highQ to CN6 centers. The main difference is the
of effective phonon&® energy gap between th&P, and the 45d crossover. For

Another possible channel responsible for the deexcitatio©N6 centers, this energy gap is moderately large X500
to the 1D, is the well-known relaxation via thef&d level.  cm™?) and thermal populations of th&P; and 3P, levels
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FIG. 9. Temperature dependence of the emission relative inten- o 10_' ' ' ' by |

sity for the 2P, and D, emission levels.

0.08 .
are attended by an emission loss of e, level. Thermal %
population also makes it possible for the electrons to react & g gg 1
the crossover between tﬁ@m states and theféd configu- E
ration and to relax down to théD, level via the 45d Y04 ]
configuration. In contrast, for CN7 centers the gap is very g
small (~120-170 cm''), and thermal population of the D 002 ]

3P1,2 states is not possible. The very efficient quenching of
the 3P, luminescence is attended by the population of the 0.00
1D, state via the 45d crossover.

To verify the configurational coordinate model we have T(K)
analyzed the temperature dependence of the emission inter
sity. Figure 9 shows the temperature dependence for low-
doped samples of the relative intensitietermined by divid-
ing the integrated emission intensity of each transition band
by the total integrated intensjtjor transitions from the'D,
and P, states under excitation in tht®, absorption region
(457 nm. This plot clearly shows that raising the tempera-
ture increases the number of photons emitted by be
state and decreases the number of those emitted byRpe
states. Figure 10 displays the temperature dependence of tt
relative intensity of the 3Py—3%H,,°P;—%H; and
D,(2)—3H, transitions in low-doped samples. The last .
two transitions start at thermally populated levels. The inten- s s s s
sity of the 3P,—3H, transition continuously decreases as 0 200 400 600 800
temperature increases, whereas for tBg(2)— 3H, transi- T(K)
tion it continuously increases with temperature. The emis- ] o _
sion intensity from the3P1 states exhibits a more compli- FIG. 10. Relative emission intensity vs temperature far

cated behavior: It rises up te 300 K and decreases slightly 2Po—°H, twansition, (b) 'D,(2)—°H, transition, and (c)
3p,—3H; transition. The solid lines represent the corresponding

for higher temperatures. theoretical fit
The model we shall consider is shown schematically in eoretical fit:
Fig. 11. The energy levels correspond to tHe; multiplet

800

10* RELATIVE INTENSITY

CN6
and the 45d crossover parabolas depicted in Fig. 8. The s |3P (0)
latter levels are located at different positions for CN6 and I 77(T)= — 0 — (8)
CN7 centers and act as luminescence traps. Since both CN6 ~ °Po 1+ Aexp( = Boy/KT) + Bexp( = Eoo /kT)
and CN7 centers contribute to ti#®, emission band, the gnq
temperature dependence of the, intensity can be given by
Mott's formula adding the contributions of the two centers: 1N 0)
3p
1N(T)= 0 9
1(T)=1NT) +1V(T) (7) ! I Corg KT °
*Po o describe the contribution of each center. In the previous ex-

pressions\, B, andC are adjustable parametetsN®(0) and
where ICN7(0) are the intensities at=0, andE;, Eqp, andE+ are
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CN6 CENTER CN7 CENTER decreases with temperature. Unfortunately, the CN6 contri-
bution is not clearly established from the experimental re-
TRAP sults. The relatively low number of CN6 centdfis%) and
the presence of the intrinsic luminescence, responsible for
02 the previously mentioned long-lived background in the life-
5 time measurements, complicates the experimental determina-
1 tion of the two expected lifetime components.
% e T TRAP In accordance with our model, th&P, levels are only
P, - %, populated for the CN6 center. Assuming that bé#y, and
% % 1D,(2) levels are thermally populated frofP, and 1D ,(1)
levels, respectively, the temperature dependence of their in-

FIG. 11. Eschematic energy-level diagram for CN6 and CN7tensities is described by

centers.
| 1D2(1)(0)GeX[X —A E/kT)

the energy-level separations for the two cenfeex Fig. 11 |1D2(2)(T) T 1 Dexp(— AE/KT) 1D
The result of the calculation is depicted in Fig.(d0 The

resulting activation energies af& = 120 cm ! andE,, and

=1440 cm 1. The Ey; = 500 cm ! coincides with the ex-

o1

CN6 CN6
perimental(516 cm 1) energy separation betweé®, and s |3P0 (T)Fexp(— |501/|<T)+|3p1 (0)
3 . . . . . —
P, states. An activation energy of 120 crhimplies that at |3p1 (T) 1+ Hex — (Egp—Eop/kT] 12

very low temperaturesT~ 2 K), the direct®P,— 3H , relax-
ation should be strong. However, the large inhomogenous/hereD, F, G, andH are adjustable parametetsp (1)(0)
groade?ed half\Nld_th of_ théP, absorption band make; the andICNG(O) are the intensities ai=0 for both levels, and

Py to "D, relaxation via the 45d crossover also possible. 3p,

In order to obtain additional information, the temperatureAE is the energy separation betweéb,(1) and *D,(2)
dependence of the reciprocal of ti@, lifetime (displayed levels. With the previously obtained values f&; andE,,
in Fig. 12 was also analyzed with our configurational coor- and the experimental valukE =833 cm™ !, the temperature
dinate model for low-doped samples. The temperature dedependence of the luminescence intensities of ¥a¢ and
pendence of théP, decay time can be described®dy 1D,(2) states is reproduced using Eqél) and (12). The
resulting fitting curves are depicted in Figs.(h0and 1dc).

The agreement with the experimental results is excellent and
validates the proposed model.

The activation energy1440 cm ') determined for the
where Wyg(0) is the nonradiative relaxation rate andq luminescence trap of the CN6 center is close to the energy
the activation energy. The fit depicted in Fig. 12 yields anposition of the®P, state(located at~1900 cm * above the
activation energy of 170 cm! and a nonradiative relaxation 3P, level), indicating that the energy trap position roughly
rate of ~108 s~1. This result agrees with the activation en- coincides with the presumable energy position of tH&d:
ergy for CN7 centers determined from intensity measure€rossover.
ments[see Fig. 11a)]. Since the depopulation channdistl Last, nonradiative’P, relaxation via host lattice excited
for CN6 centers starts at an energy much higher than fostates can occur provided that the lattice states are at the right
CN7 centers, the expected lifetime value for CN6 centerenergies. In this case, however, the excitation energy appears
must be longer than for CN7 centergine™> 7cn7- Thermal — to be mostly lost via nonradiative channels or by intrinsic
population of the®P; level implies that the CN6 lifetime luminescence rather than to populate fii, level which is

primarily responsible for the Bf luminescence.

1 1

6r i IV. CONCLUSIONS
5L _ Optical absorption and luminescence of Pidoped YSZ
crystals have been analyzed. The dynamics of tht Pu-
{; al i minescence in YSZ is satisfactorily explained assuming that
9 Pri* ions are present in two oxygen coordinatidgassigned
< 4l | to CN7 and CN6 centerswith a statistical distribution. The
= energy position of the excitedf8d configuration plays an
) important role in the fluorescence dynamics. THy-4f5d
I ) crossover energy gap is very different for each center:
~120-170 cm'! and ~1500 cmi ! for the CN7 and CN6
15 50 100 150 200 250 300 350 centers, respectively. For the minority CN6 centers, thermal

T (K) population of the3P1'2 levels is attended by an emission loss
of the 3P, level, which eventually relaxes down to th®,
FIG. 12. Reciprocal of the lifetime of th&P, level as a function  level via the 45d configuration. In contrast, for the majority
of temperature. Solid line is a plot of the theoretical fit. CN7 centers, excitation in the’Py,, region rapidly
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relaxes (via the 4f5d crossover to the D, states from Energy transfer has been observed in heavily doped
which the luminescence primarily takes place. The fluoressamples and is related to cross relaxation processes among
cence emission starting at tH®, state exhibits a complex the nearest Pr' ions. Decay curves were analyzed using the
decay with lifetimes of 18Qws and 53us, due to contribu-  Inokuti-Hirayama model and indicated that dipole-dipole in-
tions of CN7 and CN6 centers, respectively. For e,  teraction is responsible for the quenching effect of both life-
emission, the contribution of the minority centers was nottime and emission intensity.

resolved. This decay is nearly exponential with a lifetime of
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