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Abstract Ab initio embedded cluster calculations have
been performed on Pr**-doped Lu,O3, in order to inves-
tigate the mechanism responsible for the highly efficient
3Py —! D, non-radiative relaxation experimentally
observed. (PrO6)97 embedded clusters representing the C,
and S¢ substitutional sites of Pr3+:Lu203 have been studied
using wave function-based methods. It is found that an
outward relaxation of the first coordination sphere around
the impurity takes place upon doping. At the relaxed
geometry of the lowest spin triplet 4/5d state, all the 4f5d
states lie much higher in energy than all 4/ states (except
the 'S multiplet). This result is in opposition to the inter-
pretation of intersystem crossing through a low-lying 4/5d
excited state of Pr’™ as the mechanism for the fast non-
radiative *P, — 'D, relaxation proposed in the literature.
Absorption to the lowest spin triplet 4f5d state is calculated
to be around 4,800 cm ™! higher for the C, site than for the
Se site, supporting the assignment of bands in the excitation
spectrum previously reported.
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1 Introduction

Pr**-doped ionic solids are a useful class of phosphors.
The electronic structure of the ion can give rise to lumi-
nescence in the ultraviolet (UV), visible, and infrared (IR)
wavelength ranges. Some Pr’*-doped fluorides have been
investigated as promising candidates for luminescence
lamps due to the fact that they exhibit photon cascade
emission [1]. Praseodymium-doped oxides have been
considered as potential lasers in the visible and IR
domains [2].

Another important application is as phosphors in fast
decay scintillators for X-ray computed tomography. For
example, Gd,0,S:Pr has been used to that end [3, 4]. The
predominant radiative transitions of Pr’* (ground elec-
tronic configuration 4f%) upon X-ray excitation occur from
the 3PO and 1D2 excited levels to the 3H4 ground level. The
3P, — 3H, transition exhibits a very short decay time (in
the ps scale) while the 'D, > 3H4 transition is slower
(decay time in the ms scale) [5, 6]. As decay times much
faster than the response times of the detector systems are
required for scintillators [3], phosphors that exhibit tran-
sitions only from the *P;, are preferred for X-ray computed
tomography. *Py — 'D, non-radiative transitions are key
factors in the suitability of the materials as fast decay
scintillators. Knowledge of the mechanisms of non-radia-
tive transitions is important for the proper design of this
kind of materials.

Following this line, experimental studies have been
performed to gain a better understanding of these mecha-
nisms in Pr’t-doped solids. Pr’"-doped rare earth
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sesquioxides, especially yttrium sesquioxide, form a family
of compounds that have been studied in relation to their
luminescence properties [2, 5-8]. Depending on the crystal
symmetry and substitution site, Pr’"-doped rare earth
sesquioxides are found to emit preferentially from the *P,
state (hexagonal phases, monoclinic phases with high
coordination) or from the 'D, state (monoclinic phases
with low coordination, cubic phases) [8].

DeMello Donega et al. [6] have studied the mechanisms
that contribute to Pr** >P, — 'D, non-radiative relaxation
in a large number of oxide hosts, including lutetium ses-
quioxide (Lu;03). Several mechanisms are taken into
account in their study: [6] (1) multiphonon relaxation; (2)
cross-relaxation within pairs of Pr°" ions; (3) intersystem
crossing through a low-lying 4/5d excited state of Pr'™; (4)
intersystem crossing through a low-lying Pr-to-metal
charge transfer state. A fifth mechanism, relaxation through
Pr**-trapped exciton states, has been invoked to explain
the quenching of the P, luminescence in Pr’*-doped
LiNbO; [9] and the different behavior of pr’ +-d0ped
LiNbO; and LiTaO; [10]. Intersystem crossing through
Pr-to-metal charge transfer states, sometimes referred to as
virtual recharge mechanism, has been extensively invoked
to explain the luminescent properties of a number of
Pr-doped hosts containing complex oxoanions, such as
titanates, vanadates, and niobates (e.g. see Refs. [11, 12]
and references therein).

The spectral properties of Pr’*-doped Lu,O; were
experimentally investigated by DeMello Donega et al. [6].
They recorded excitation and emission spectra, and from
them, they obtained estimations of the radiative and non-
radiative decay constants. They observed that cubic
Lu203:Pr3+ emits only from the ~!D, state. The fact that
lowest 4f5d excited states lie around 36,000 cm™!, that is,
relatively low in energy, suggested that the dominant
mechanism for the very highly efficient Py, — 'D, non-
radiative relaxation could be intersystem crossing through
the 4f5d excited states of prt [6]. In order to account for
the different experimental observations, the authors tenta-
tively proposed a configurational coordinate diagram (Fig.
7 in Ref. [6]) for the system. The main features of this
diagram were that the force constant of the 4f5d excited
state is much greater than that of the 4f” states and that the
energy of the relaxed 4f5d excited state lies between the
3Py and 'D, levels (4f2). A shortening of the Pr-O distances
upon doping is invoked to explain these facts. The validity
of these hypothesis can be checked in ab initio quantum
mechanical calculations, which is one of the objectives of
this work.

In this paper, we present theoretical ab initio calcula-
tions on the electronic structure of Pr3+-doped Lu,O3. We
have performed spin-free ab initio model potential (AIMP)
embedded cluster optimizations of the geometry in relevant
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electronic states, and then, we have calculated vertical
transition energies at the optimal geometries. The AIMP
embedded cluster method [13, 14] has been successfully
applied in a number of structural and spectroscopical
studies of lanthanide and actinide-doped ionic hosts
[15-20]. As a result of the calculations, we obtain the local
distortion produced by the Pr** doping, and we give sup-
port to the assignments of the absorption bands to prit
occupying different sites in the Lu,O5 lattice [5, 6]. The
energy minima of the lowest 4f5d states are calculated and
located with respect to the 472 3P, and 'D, levels, and
possible luminescence after 4f — 5d excitation is pre-
dicted. In spite of the computational demands required by
the theoretical results presented here, this paper is only a
first step into the elucidation of the electronic structure of
the Pr’" defect in cubic rare earth sesquioxides. Further
calculations on more complicated mechanisms such as the
virtual recharge mechanism and intersystem crossing
through Pr**-trapped exciton states are underway in our
laboratory.

The paper is organized as follows: in Sect. 2, we briefly
describe the method used together with the details of the
calculations. The results of the calculations are presented in
Sect. 3, and a discussion of them is presented in Sect. 4. We
present the conclusions in Sect. 5.

2 Method
2.1 Structure of the Lu,O3; host

The crystal structure of Lu,O; is of the rare earth sesqui-
oxide C-type structure, the bixbyite structure, cubic with
space group Ia3(T]) [21] (see Fig. 1). The lattice param-
eter of Lu, O3 is ag = 10.931 A. In the bixbyite structure,
there are two crystallographically different cations sites. In
Lu,03,24 Lu** cations occupy the Wyckoff position 24d
at (u, 0, 1/4), and 8 Lu*t cations occupy the Wyckoff
position 8b at (1/4, 1/4, 1/4). The oxygen atoms occupy the
general 48e position at (x, y, z). The coordination polyhe-
dra are distorted cubes, in which six corners are occupied
by oxygen ions and the remaining two are vacant. The
resulting coordination polyhedra around both cations are
depicted in Fig. 2. In the case of the Lu** 24d ions, the
vacant sites are located along a face diagonal of the cube,
leading to site symmetry C,. In the case of the Lu’" 8b
ions, the two oxygens are missing along the body diagonal
of the cube, and the resulting site symmetry is Sg (or C3;).
The internal parameters of Lu;O3; have not been experi-
mentally determined to our knowledge. Instead, they have
been obtained by periodic density-functional theory cal-
culations using the generalized-gradient approximation, as
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Fig. 1 Cubic cell of the bixbyite structure showing the C, and Sg
coordination polyhedra around the dopant ion
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Fig. 2 Schematic representation of the C, and S¢ coordination
polyhedra around the cations in the bixbyite structure

reported in Ref. [22]. The resulting internal parameters are
as follows: u = —0.0330, x = 0.3912, y = 0.1521, and
z=0.3800. In the C, site, there are three pairs of

Table 1 Lu-O and Pr-O equilibrium distances for the C, and Sg
polyhedra in the Lu,O3 and Lu,Os : Pr3* crystals, respectively

Lu-O Pr-O
4f 4f5d
C, site
o(1) 2.289 2.343 (0.054) 2.335
0(3) 2.223 2.294 (0.071) 2.295
O(5) 2.200 2.225 (0.025) 2.201
O(avg.) 2.237 2.287 (0.050) 2277
Se site
(0] 2.239 2.302 (0.063) 2.280

Mismatch of ionic radii 0.13%

Lu-O distances have been taken from Ref. [22]. Pr—O distances have
been optimized for the lowest spin triplet 4f2 and 4f5d states at the
CASSCEF level in this work. Lattice distortions produced by the Pr**+
impurity in parenthesis. All distances in A

? Radii taken from Ref. [40]

neighboring oxygen ions at three different distances, in the
Se site all six oxygen ions are at the same distance. These
perfect lattice data are summarized in Table 1.

The ratio of C, to Sg sites in 3:1. It is believed that, when
an impurity substitutes for a lattice cation in cubic ses-
quioxides, it enters both crystallographic sites [S] and
spectral features have been interpreted in the literature
[5, 6] assuming this, as commented below. Stanek et al.
[23] have studied the site preference of trivalent dopant
ions in bixbyite sesquioxides, by atomic-scale simulations
using classic pair potentials, and they have found a marked
preference for Sg site substitution in Pr’* : Lu,O5. In this
work, we have studied both substitutional sites.

2.2 Details of the calculations

The local geometries around the Pr° " jon and the transition
energies reported in this work have been calculated using
embedded cluster wave function-based methods. For this
purpose, (Pr06)97 clusters were embedded in ab initio
model potential (AIMP) [13, 14] representations of the
pure Lu;O3 host. The clusters chosen to model the C, and
Se sites are shown on Fig. 2. AIMP total ion embedding
potentials, calculated in this work, were located at the
perfect Lu, O3 ionic positions. They accurately reproduce
the quantum mechanical interactions between the external
crystal ions (Lu3+ and 0>~ ions) and the wave functions
associated with the point defect (PrOg)°~ clusters. They
include electrostatic (Coulomb and short range correc-
tions), exchange, and Pauli repulsion interactions, and they
have been produced using the recipes of Refs. [13, 14].
Embedding AIMPs were used at all lattice ions located
within a cube of length 3a, centered at the impurity site.
The remaining ions within a cubic shell of length 5a, are
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treated as point charges, and Evjen’s method [24] is used to
define the charge of the frontier ions.

Bonding, static, and dynamic correlation, and scalar rel-
ativistic effects within the (PrOg)° ™ clusters have been taken
into account by performing state-averaged complete active
space self-consistent field (SA-CASSCF) [25-27] and
multistate second order perturbation theory (MS-CASPT2)
[28-31] calculations using a scalar relativistic many-
electron Hamiltonian. The relativistic effective [Kr]-core
model potential and (14s10p10d8f3¢)/[655p6d4f1g] Gauss-
ian valence basis set, taken from Refs. [32, 33], were used for
Pr. The [He]-core effective core potential and (5s6pld)/
[3s4p1d] Gaussian valence basis set, taken from Ref. [34],
were used for oxygen, extended with one p-type diffuse
function for anion [35] and one d-type polarization function.
[36] Spin—orbit coupling has not been included in the
calculations; thus, comparison with experimental data is
semiquantitative. As we show below, inclusion of spin—orbit
effects should not alter the conclusions of this work. These
calculations were performed using the program moLcas [37].
All the model potentials (core and embedding) and basis sets
used in this work are available from the authors [38].

In a first step, the geometry of the clusters was opti-
mized at the CASSCEF level. The CAS space was chosen so
that it comprises all configurations in which two electrons
occupy the thirteen molecular orbitals of main character Pr
4f, Pr 5d, and Pr 6s. In the case of the Sg site, we performed
the calculations using C; symmetry. The molecular orbitals
were chosen so as to minimize the average energy of all
states with dominant 4f2 21 3Ag states, 28 lAg states) or
4f5d and 4f6s configurational character (42 A, states, 42
'A, states). The cluster geometry was optimized for the 1
3Eg state (lowest spin triplet 4/ state) and the 1 A, state
(lowest spin triplet 4f5d state). The resulting optimized
geometries were very nearly Sg symmetric.

In the case of the C; site, we performed the calculations
without any symmetry (point group C;). The molecular
orbitals were chosen so as to minimize the average energy of
all states with dominant 4f%, 4f5d, and 4f6s configurational
character (63 *A states, 70 'A states). The cluster geometry was
optimized for the 1 B state (lowest spin triplet 4f” state) and
the 13 *B state (lowest spin triplet 4f5d state). The resulting
optimized geometries were very nearly C, symmetric.

We have calculated the vertical transition energies at the
CASSCF 4f* and 4f5d optimized geometries using the MS-
CASPT2 method. A total of 58 electrons, which occupy the
orbitals with main character Pr 5s, 5p, 4f, 5d, and 6s (10
electrons) and O 2s, 2p (48 electrons), have been corre-
lated. An imaginary shift [39] of 0.10 au. has been used in
the calculations to ensure that no intruder states are present.
Large and uniform weights of the reference wave functions
(around 70%) were found in the CASPT2 calculations. We
will refer to these calculations as MS-CASPT2(048,Pr10).
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3 Results
3.1 Local distortions

We present the optimized Pr—O distances for the lowest 4f*
and 4f5d spin triplet states both at the C, and S¢ sites in
Table 1 together with the geometry of the perfect Lu,O3
lattice calculated at Ref. [22]. First, it can be seen that,
upon doping, the Pr—O distances are larger than in the
perfect lattice, for both sites. This result is totally in line
with previous calculations performed in similar systems:
the results upon doping qualitatively reflect the mismatch
of ionic radii between the dopant ion and the substituted
host ion and are quantitatively smaller. In this case, the
radii are 0.86A for Lu*" and 0.99 A for Pr’* (both in
coordination number 6) [40].

The Pr-O distances shorten by about 0.01 A at the C,
site and by about 0.02A at the Se site upon 4f — 5d
excitation. In the case of the C, site, the different Pr—-O
distances behave differently: two of them (Pr-O(1) and
Pr-O(5)) shorten while the third one (Pr-O(3)) remains
essentially unchanged. This shortening is in agreement
with what has been found in other lanthanides and actinides
in high-symmetry halide coordination [15, 16, 18, 20, 41],
and recently has been experimentally concluded [42]. An
extensive study of the factors leading to this result for
several ions, including Pr3+, can be found in Ref. [43].
Recent results on Ce3+—doped YAG [17] show that this
shortening upon excitation is also found in the case of
lower symmetry sites. Our results for Pr’"-doped Lu,O3
are in line with these latter results.

The calculation of the optimized geometries does not
include spin—orbit nor electron correlation effects. The
effect of the lack of spin—orbit in the structures should be
negligible, in the line of what we have found in similar
systems [16, 18]. The only exception is those systems and
states in which spin—orbit coupling mixes states belonging
to different dominant electron configurations [20]. This is
not the case here, as the separation between the relevant 4/
and 4f5d manifolds is large (see below).

The effect of the inclusion of electron correlation in the
geometry optimization should be a uniform shortening of
less than 0.02 A in the equilibrium distances [44]. This
additional shortening does not change the main conclusion
of this section, viz. the outward distortion of the clusters
caused by doping in the Pr’*:Lu,Oj lattice.

3.2 Relative energies of the 4f* and 4f5d manifolds

Table 2 presents vertical transition energies of the
(PrOg)°~ embedded clusters, with respect to the 4f> ground
state, at different cluster geometries, for the C, site and the
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Table 2 Vertical transition energies of the (PrO6)97 embedded cluster calculated at the C, and S sites

C, cluster geometry

Se cluster geometry

Perfect lattice Relaxed 4f* Relaxed 4f5d Relaxed 4f* Relaxed 4/5d

4f manifold

From *H
1°B 0 0 0 13E, 0 0
23B 100 275 180 134, 95 110
134 150 280 325 23E, 610 640
234 630 745 750 234, 800 815
33B 810 895 915 334, 1,130 1,205
334 840 960 1,030 33E, 1,250 1,325
434 1,255 1,215 1,215 43E, 1,980 2,125
43B 1,455 1,467 1,530
5°B 1,730 1,715 1,755
53A 1,795 1,830 1,905
6°B 1,865 1,870 1,900

From °F
63A 4,385 4,390 4,410 434, 4,800 4,845
73B 4,810 4,775 4,815 53E, 5,325 5,440
83B 4,920 5,015 5,125 534, 5,355 5,405
93B 5,095 5,185 5,235 6°E, 5,780 5,925
73A 5,195 5,190 5,180 634, 6,075 6,205
834 5,365 5,330 5,350
103B 5,690 5,590 5,640

From 'G
1'B 5,645 5,835 5,825 1'E, 5,540 5,530
1'a 5,715 5,560 5,615 114, 5,655 5,685
2'B 5,805 6,013 6,005 214, 5,895 5,910
214 5,905 6,045 6,075 2'E, 6,095 6,110
3'B 6,380 6,495 6,505 3'E, 7,065 7,155
314 6,760 6,300 6,330 314, 7,645 7,750
414 7,035 7,170 7,225
51A 7,560 7,495 7,560
4'B 7,760 7,675 7,735

From 'D
6'A 14,400 14,595 14,525 4'E, 15,685 15,650
7'A 14,910 15,255 15,300 414, 16,357 16,410
5'B 15,395 15,475 15,520 5'E, 17,480 17,555
6'B 16,315 16,385 16,390
8l 16,520 16,515 16,550

From °P
11°B 18,985 19,220 19,280 73E, 22,665 22,675
123B 20,875 21,220 21,335 734, 23,840 23,985
93A 21,395 21,435 21,365

From 'I
9'A 20,285 20,760 20,700 5'A, 21,070 20,985
7'B 20,735 21,035 21,100 6'A, 21,530 21,485
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Table 2 continued

C, cluster geometry Se cluster geometry
Perfect lattice  Relaxed 4f> Relaxed 4f5d Relaxed 4/ Relaxed 4/5d
10'A 20,865 21,150 21,150 6'E, 21,575 21,505
8'B 20,945 21,375 21,300 7'E, 21,650 21,575
11'A 21,540 21,540 21,660 74, 22,125 22,155
9'B 21,730 21,970 22,190 8'E, 23,430 23,495
12'A 22,295 22,305 22,105 9'E, 24,375 24,545
10'B 22,355 22,430 22,380 814, 24,515 24,780
11'B 22,395 22,550 22,670 914, 24,560 24,850
13'A 22,735 22,650 22,595
14'A 23,180 23,090 22,985
15'A 24,955 25,125 25,280
12'B 25,065 25,205 25,340
From 'S
19'4 40,840 41,680 41,690 1014, 46,345 46,365

4f1 5d" manifold (up to 50,000 cm™")
Spin triplet states

133B 38,105 38,690 38,250 134, 33,860 32,800
103A 38,375 39,220 38,740 234, 34,680 33,690
113%A 38,980 40,125 39,485 13E, 34,720 33,740
143B 39,840 39,840 39,530 2°E, 36,505 35,540
15°B 39,895 40,280 39,840 334, 36,550 35,790
16°B 40,130 40,690 40,970 3°E, 37,7195 37,490
17°B 40,400 41,275 41,405 434, 38,405 38,235
1234 40,590 41,420 41,330 43E, 38,905 38,725
1334 40,975 41,935 41,560 534, 39,100 38,850
183B 41,210 41,665 41,830 53E, 40,480 40,280
1434 41,260 42,130 41,910 6°A, 41,205 40,950
193B 41,515 42,200 42,570 73A, 41,280 41,090
1534 41,790 42,390 42,395 63E, 41,640 41,420
1634 42,395 43,535 43,565 73E, 42,950 42,950
203B 42,710 43,335 43,340

213B 42,800 43,680 43,795

223B 43,930 44,700 44,940

173A 44,085 44,615 44265

1834 44,475 45,080 44,925

233B 44755 45,150 45,030

1934 44,860 45,700 45,940

Spin singlet states

16'A 37,235 37,815 37,405 114, 33,770 33,120
13'B 37,630 38,070 37,560 1'E, 34,665 33,900
14'B 38,460 38,975 38,590 214, 35,340 34,490
17'A 39,550 40,030 39,560 2'E, 35,715 34,965
1814 39,655 40,200 39,830 3'E, 37,870 37,570
15'B 40,340 41,170 40,930 314, 38,555 38,115
16'B 41,640 42,055 41,330 414, 39,360 38,540
20!A 41,770 42,355 42,170 4'E, 42,040 41,690
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Table 2 continued

C, cluster geometry

Se cluster geometry

Perfect lattice  Relaxed 4f> Relaxed 4f5d Relaxed 4/ Relaxed 4/5d
21'A 41,930 42,550 42,355 514, 42,440 42,300
17'B 42,370 43,220 42,490 5'E, 42,590 42,360
18'B 42,485 43,530 43,850 6'4, 42,775 42,510
2214 43,510 44,220 44,005 6'E, 43,260 43,010
2314 43,740 44315 44,290 714, 46,480 46,220
19'B 43,755 44,355 44,280 7'E, 46,965 46,720
20'B 44,405 45,075 45,055
2414 44,500 45,230 45,085
2514 45,240 46,395 46,430
21'B 45,385 46,455 46,400
22'B 47,105 48,100 48,160
26'A 47,850 48,900 49,055
231B 48,450 48,860 48,850

4f1 5d" + 4f' 65" manifold

Spin triplet states
20-223A,24-27°B
23-293A,28-34°B

Spin singlet states
27-29'A,24-27'B
30-36°A,28-34'B

58,355-60,950
75,025-79,610

58,810-61,225
75,770-79,965

59,170-63,300
74,005-83,880

59,410-63,570
75,580-85,520

57,820-60,350
76,775-80,750

58,430-62,745
76,075-85,460

71,670-76,230
82,330-85,830

72,215-76,925
80,650-84,370

8—113A,,8—123E,
12—143A,,13—143E,

8—11'A,,8—12'E,
12—14'A,,13—14'E,

71,085-82,100
82,880-86,405

71,695-80,240
81,755-84,925

Transition energies calculated at the Cs site using the perfect Lu,O;3 lattice, relaxed 13B—4f2 and relaxed 133B—4f5d cluster geometries.
Transition energies calculated at the S site using the relaxed 13E,—4f2 and relaxed 13A,—4f5d cluster geometries. The calculations include 58
valence electron correlation, static relativistic effects and Lu,O3 embedding host effects. (MS-CASPT2(048,Pr10) level) All numbers are in

cm™!

Se site. For each cluster, we have calculated the vertical
transition energies at the 4f° ground-state equilibrium
geometry and at the optimal geometry of the lowest spin
triplet 4f5d state. Vertical transition energies have also
been calculated at the geometry of the perfect Lu, O3 lattice
for the C, site. All the transition energies have been
computed at the MS-CASPT2(048,Pr10) level. The data in
the table are also shown in Fig. 3. The electronic states are
grouped according to their main 4f°, 4f5d, or 4f6s config-
urational character. Such a distinction is done by inspection
of the wave functions and symmetry (g/u) considerations.

The 4f2 manifold spans 25,000 cm~! in both sites, the
only exception being the state related to the 4/-'S multi-
plet, which lies at much higher energy and is inmersed in
the 4f5d electronic manifold. It can be seen that the vertical
transition energies to the °F,' G, and 'I multiplets are very
similar for both sites, but the rest of the multiplets lies at
lower energies in the C, site than in the S site: 1,100 cm ™"
for 'D, 3,300 cm™! for 3P, and 4,700 cm ™! for 'S.

The 4f5d manifold, both for the C, and Sy sites, appears
to be well above the 4f° states. The 4f>-4f5d energy gap is

13,500 cm ™' in the C, site and 9,300 cm ™! in the S site.
Relaxation of the geometry of the lowest spin triplet 4f5d
states does not modify this picture. Relaxation energies are
450 cm~! and 1,050 cm™!' for the C, and Sg sites,
respectively.

The 4f5d manifolds show different submanifold struc-
ture in the two sites due, basically, to the different crystal
field splitting of the excited 5d electron. The centroids of
the 4f5d levels are at 52,670 cm ™! and 52,600 cm ™!, and
the difference between the lowest level and the centroids is
15,005 and 18,740 cm ™' (S6). These data suggest that the
ligand field effects are larger in the Sg site.

The vertical transition energies presented in Table 2 do
not include indirect effects of dynamic correlation through
the optimized geometries, since the optimization has been
done at the CASSCF level. As commented above, a sys-
tematic bond length shortening should be expected as a
consequence of dynamic correlation effects [44]. An esti-
mation of such indirect effect can be deduced by compar-
ing the transition energies evaluated at the perfect lattice
geometry and at the 4f* ground-state relaxed geometry for

@ Springer



552

Theor Chem Acc (2011) 129:545-554

90000
80000 B
70000 B
60000 [ g
—/'\
g
L
23 50000 - g
5 P—
S - S
g — IS —
.S 40000 | .
7
[=}
a1
L]
H
30000 B
[ JR— 1
— L — — —
— = ==
20000 F —°p ___ 1
_— — p— |D f—
— b= 2 T -
4f
10000 B
— | — — ‘G fr—
== =y ==
0 — =n=
af5d 4f? 4> 4fsd
C2 site Se site

Fig. 3 Energy levels of Prt?:Lu,0; as calculated in this work.
Energy levels are calculated at the relaxed 4f° and 4f5d geometries,
both for C, and S¢ sites. All numbers are calculated at the MS-
CASPT2 level

the C, site, since the bond lengths are shorter in the former
structure. This comparison allows to conclude that the
indirect effect of dynamic correlation is not significant and,
more important for the objective of this work, does not
alter the energy gaps between the 4f* and 4f5d manifolds.

Spin—orbit coupling is also absent in the calculations of
the vertical transition energies. Yet, previous calculations
on a very similar system like Ce®"-doped YAG [17] show
that spin—orbit effects decrease the 4f—5d energy gap by
less than 550 cm™'. Thus, spin—orbit coupling cannot be
expected to reduce the calculated 4f>—4f5d energy gap so
as to locate the lowest 4f5d states within the 4/ manifold.

4 Discussion

We discuss here the local distortion produced by the Pr**
impurity, the possibility of intersystem crossing through
4f5d excited states, and some observed spectral features of
Pr**-doped Lu,O3 using the results of Sect. 3.

@ Springer

We focus first on the distortion of the Lu,Oj3 lattice due
to the Pr'™+ impurity. An inward distortion due to strong Pr—
O orbital mixing has been suggested [6], in order to
account for the spectral features of the material. The
present calculations lead to an outward distortion of the
first coordination sphere that is smaller than suggested by
the mismatch of ionic radii due to strong metal-ligand
mixing.

This inward distortion was invoked in relation to the
extremely fast Pr’* non-radiative relaxation found in the
material. This relaxation has been suggested to be due to
intersystem crossing through low-lying 4f5d states. A
configurational coordination diagram to account for the
relaxation has been presented [6] where the 4/5d minimum
energy lies below the *P, level and above and close to the
'D, level, which would provide a path for *Py — 'D, non-
radiative relaxation. The present ab initio results show that
the energy of the lowest 4f5d states is well above all the 47
(except the state related to 'S-4f%, as we commented
above) even after excited state relaxation is considered, and
they do not support intersystem crossing through 4f5d
states as the quenching mechanism. Other mechanisms
should be investigated in order to explain the high non-
radiative decay rate found in Ref. [6].

We will focus now on the different spectral features that
have been reported in Ref. [6]. As we commented above,
the lack of spin—orbit effects in our calculations allows to
make only semiquantitative comparisons with experimen-
tally determined spectral features. This fact is more severe
for f—f transitions than for f—d, as the former should be
more influenced by spin—orbit coupling. The emission and
excitation spectra of Pr’*:Lu,O5 have been reported in Ref.
[6]. In the excitation spectra, several lines are reported
between 16,600 and 17,540 cm™!, assigned to excitations
to the 'D multiplet levels; another group of lines between
20,000 and 23,800 cm™' is assigned to *H —3 P,' I tran-
sitions. The calculations show a good semiquantitative
agreement with these data. The position of the H; —3 Py
zero-phonon line is reported to be 19,996 cm_l; the present
calculation for the lowest *H —3 P transition in Cj site (the
most frequent site) is 19,220 cm™'. The gap between the
1D2 and the 3PO levels is reported to be 2,600 cm™!
whereas we predict 2,700 cm™'; spin—orbit splitting of the
*Py-related levels is expected to lower the theoretical gap
and to lead, perhaps, to a certain underestimation when
spin—orbit coupling is considered. The crystal field splitting
of the 1Dz multiplet is found to be 1,280 cm_l, and our
data slightly overestimate it (1,920 cm_l, site  Cs;
1,800 cm ™!, site Sg); spin—orbit coupling is not expected to
be important in this.

A broad band, with a maximum at 36,200 cm~! and a
shoulder at 30,300cm™!, is reported in the excitation
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spectra. By comparison with other measurements on
Pr’*:Lu,O5 (Ln =Y, Sc, Gd) [5], they are ascribed to
4f2 — 4f5d transitions within Pr’™ ions at C, and S sites
in Lu,Os3, respectively. This is in contrast with the con-
clusions of the pair-potential studies [23], that predict only
S¢ substitution in this lattice. According to the present
calculations, the lowest 4f> — 4f5d (triplet states) excita-
tion energies are 38,690 and 33,860 cm ™! for the C, and Sg
sites, respectively. Thus, the ab initio calculations support
the assignment done in Ref. [6] of the higher energy band
to the Pr’™ ions occupying the C, site and the shoulder to
Pr** ions occupying the S site.

Both for C, and S sites, there is a large gap in energy
between the highest level of the 4/ manifold and the
lowest level of the 4f5d manifold. At the lowest spin triplet
4f5d geometry, this gap amounts 12,900 cm™" for the C,
site and 8,000 cm™! for the Sy site. The highest lying 'S
multiplet is inmersed in the 4f5d manifold in both sites.
The lowest spin triplet 4f5d state should be metastable, and
emission from it should be expected under 4/5d excitation.
However, no such emission is experimentally observed [6].
Instead, identical emission is found under 3Po excitation
and under 4f5d excitation [6]. Thus, some mechanism
should exist in the material for efficient non-radiative
4f5d —' D, relaxation. This mechanism is likely to be the
same that provides a fast 3Py — 'D, relaxation.

5 Conclusions

We have performed ab initio model potential calculations
of the electronic structure of (PrOg)°~ embedded clusters
that represent the C, and S sites of Pr’*-doped lutetium
sesquioxide. We have performed spin-free CASSCF opti-
mizations of the geometry around the Pr** impurity, and at
the equilibrium geometries of the 4f* and 4f5d lowest spin
triplet states, we have performed MS-CASPT?2 calculations
of the vertical transition energies from the ground state to
all the states coming from the 4f°, 4f5d, and 4f6d mani-
folds, both for spin triplet and singlet. As a result of the
geometry optimization, we find an outward distortion of the
first coordination shell around the impurity upon doping.
The transition energy from the minimum of the lowest 4f5d
state is found to be well above the position of both *P, and
'D, levels (around 10,000 cm™ "), strongly suggesting that
intersystem crossing through this 4f5d state is not the
dominant mechanism for 3P0 - 1D2 non-radiative relax-
ation. The calculations also predict strong 4f5d — 4f>
luminescence under 4f5d excitation. However, this lumi-
nescence is absent in the experimental results [6], sug-
gesting that some mechanism is quenching it, probably the
same mechanism responsible for the °P, emission

quenching. Other quenching mechanisms have to be
investigated to explain the fast non-radiative relaxation. In
this line, calculations in order to investigate the virtual
recharge mechanism [11, 12] and relaxation via intersys-
tem crossing through trapped exciton states [9, 10] are
underway in our laboratory. Finally, the present calcula-
tions do support the interpretation of the 4f5d band maxi-
mum and shoulder found in the excitation spectrum [6] of
Pr3+-doped Lu,0O3 as due to electronic transitions of Pt
ions located at C, and S sites, respectively.
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