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Abstract. This paper presents an investigation of Pr3+ doped in the D2 site of Y3Al5O12 (YAG), for the
first time on a translucent ceramic sample free of spurious phases, impurity or pair sites. The optical study
is carried out by optical absorption, excitation, and emission by selective excitation into 1D2 and 3P0,
at different temperatures between 20 K and 60 K, in the 4 300–23 000 cm−1 range. A detailed account of
the line assignments is given. 67 over 91 levels of the 4f2 configuration are determined. Several crystal
field calculations within the ground configuration 4f2 and the larger matrix 4f2 + 4f6p are carried out.
The energy level fit is slightly improved by configuration interaction. The 3P2 and 1I6 levels are strongly
mixed together by the large 6th order crystal field parameters. In sintered samples with different Pr3+

concentrations, satellite lines with intensities increasing quadratically with the concentration are observed.
A few weak lines forbidden in D2 site symmetry are observed.

PACS. 71.70.Ch Crystal and ligand fields – 78.20.-e Optical properties of bulk materials and thin films –
42.70.-a Optical materials

1 Introduction

Yttrium aluminium garnet Y3Al5O12 (YAG) is a stable
refractory material with remarkable mechanical proper-
ties and a high thermal conductivity. It resists to high
temperatures and thermal choc. It is transparent over a
wide spectral range which makes it a privileged host for
luminescent applications [1]. Rare-earth doped Y3Al5O12

is studied in connection with a score of applications:
solid state lasers (Nd3+, Ho3+, Er3+, Tm3+, Yb3+), flu-
orescent lighting, field emission display, and plasma flat
panel display devices, the most widely studied being
the neodymium doped compound. Pr3+ doped Y3Al5O12

was been investigated as a potential amplifying medium
at 1.3 µm (the 1G4 → 3H4 transition) [2], a wavelength of
interest in optical communications.

There exist a small number of papers devoted to the
analysis of the 4f2 spectrum of YAG: Pr3+ and the de-
termination of the energy level scheme [3–6]. Some lev-
els have been determined by two-photon absorption [7].
Lifetimes and the IR-to-blue up-conversion in YAG–Pr3+

a e-mail: faucher@spms.ecp.fr
b UMR 8580 du CNRS
c UMR 6638 du CNRS

have been reported by Malta et al. [8]. The problems con-
nected with the interpretations of the experimental obser-
vations have not all been completely solved. The optical
investigations are hampered by a score of spurious lines,
the origin of which is obscure. This occurs, not only for
the praseodymium but also for the neodymium and the
thulium doped compound. This might be connected to
the fact that other phases than YAG are likely to coex-
ist in the samples. Goldschmidt et al. [9] derived from
the values of the ionic radii, the expression of a toler-
ance factor for the formation of the perovskite structure.
The experimentally determined lower limit is equal to 0.84
in the Ln2O3·Al2O3 system. It is equal to 0.88 for the
Y2O3·Al2O3 combination. Schneider, Roth and Waring
[10] have shown that Y3Al5O12 lies just within a small
zone of compositions where both the garnet Y3Al5O12

and the perovskite YAlO3 can coexist. Indeed, for small
deviations from stoechiometry, or for low sintering tem-
peratures, YAlO3 and Y4Al2O9 are detected in the X-ray
patterns. However, the interpretation of the spectra meets
with problems, even in stoechiometric compounds. It may
be connected with the ability for a certain amount of rare
earth ion to occupy the the Al3+ site [11] or with the fact
that at a microscopic scale, there are strains leading to
different local arrangements. Some authors assume that
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these local arrangements are minority sites [6]. Tiseanu
et al. [12] ascribe the origin of satellite lines in YAG:Tm3+

to non stoichiometric defects, Tm3+ in octahedral sites or
pairs. This last hypothesis is supported by Guillot-Noël
et al. [13] for the case of YAG:Nd3+. A strong electron-
phonon coupling has been observed for some transitions
of YAG:Tm3+ [12].

Some discrepancies between the earlier results of differ-
ent authors have prompted us to reinvestigate the position
and assignment of the energy levels of Pr3+ doped YAG.

In Sections 2 and 3 will be given some details on the
experimental investigation which consists in a combina-
tion of absorption measurements, site selective and time
resolved excitation and emission. Since the samples mor-
phology and composition are of paramount importance, a
special care was brought to their high temperature synthe-
sis and also to the selection of the levels pertaining to the
Pr3+ site in the YAG structure. In Section 4 the crystal
field analysis will be discussed.

2 Synthesis and structure

YAG:Pr3+ in polycrystalline powder form was prepared
by sintering for several hours a stoichiometric mixture of
Al2O3, Y2O3, and of Pr2O3 above 1 700 ◦C in vacuum [14].
Three samples with concentrations equal to 1, 0.2, and
0.07 at.% based on Y3+, were synthetized. One problem
consists in the extreme ability for the formation of the two
concurrent phases YAlO3 and Y4Al2O9 which are both
richer than YAG in yttrium. The 1% sample was molten
at the contact with the alumina crucible so that the alu-
mina excess prevented the formation of the two other
phases and the totality of yttrium and praseodymium was
in the garnet phase. The alumina excess did not impede
the spectroscopic investigation since no praseodymium en-
tered in that compound. The 0.2% sample also stuck to the
alumina crucible and was nearly free of spurious phases.
The 0.07% sample, prepared with additional SiO2, was
translucent and revealed no spurious phase [14]. Optical
absorption measurements were more sensitive than X-ray
analyses to check the purity of the YAG phase. The re-
sults of a microprobe analysis of our 0.07% Pr3+ doped
sample are the following: on a total of 100 atoms (yt-
trium + praseodymium, aluminium, oxygen) there are
13.79 and 25.75 atomic % yttrium and aluminium respec-
tively. There exists in the final sample a 0.75% Al3+ excess
and a 1.21% Y3+ deficiency with respect to the theoreti-
cal composition. The X-ray diffraction pattern reveals no
Al2O3 lines.

The overall crystal structure of yttrium aluminium
garnet is cubic. It belongs to the O10

h (Ia3d) space
group [15,16]. There are eight equivalent yttrium sites per
elementary unit cell. Their site symmetry is D2, the three
twofold axes being along the (100), (110) and (11̄0) direc-
tions. The cation-anion distances are equal to 2.432 and
2.303, 1.937 and 1.761 Å for the (c) dodecahedral (Y3+),
(a) octahedral (Al3+) and (d) tetrahedral (Al3+) sites re-
spectively.

The four nondegenerate irreducible representations of
Pr3+ substituting for Y3+ in the D2 point group are Γ1,
Γ2, Γ3 and Γ4. In this site symmetry, the degeneracy of the
SLJM levels is completely removed by the crystal field and
each multiplet is split into 2J + 1 components. The selec-
tion rule for the electric dipole transitions is just Γi �= Γf

which states that transitions between identical represen-
tations are forbidden.

3 Spectroscopic measurements

The absorption spectra of the three samples in the 440
to 2 400 nm spectral area were recorded by a CARY 5E
spectrometer. The sample temperature could be varied be-
tween 20 and 60 K by the means of a He closed cycle
cryostat (model CP-62-ST/5 from Cryophysics).

The emission and excitation spectra of the 0.07 at.%
sample in the 430–860 nm spectral region were obtained
by means of an optical parametric oscillator (Quanta-Ray
MOPO-730) pumped by the third harmonic at 355 nm
(8 ns pulse at 10 Hz, 0.1 cm−1 width) of a Q-switched
neodymium YAG laser (GCR-230) from Spectra-Physics.
They were recorded using a double grating spectrome-
ter (model PHO from Coderg) equipped with a R928
Hamamatsu photomultiplier. Time-resolved fluorescence
and fluorescence lifetimes were recorded via a digital oscil-
loscope (Tektronix 2430) coupled with a micro computer
(Ref. [17]). The selective excitations into 1D2 and 3P0 were
achieved by tuning the excitation frequency in resonance
with the 1D2(2), and 3P0 levels, and the excitation spectra
by monitoring emissions from 1D2 and 3P0.

3.1 Satellite lines. Influence of the concentration
of Pr3+ ions

Detailed absorption spectra at 20 K in the 3H4(1) → 3P0

area are shown in Figure 1. They refer to three samples
with different Pr3+ concentrations (1, 0.2, and 0.07 at.%).
As pointed out higher we made sure that they were free of
spurious phases containing praseodymium. Yet the spec-
trum of the 1% doped sample is extremely intricate and
contains several strong lines.

The presence of satellite lines in the spectra of rare
earth doped YAG, which was pointed out earlier [3–6,11,
18–20], has on some occasions prevented the determina-
tion of complete energy level schemes. Many authors ex-
plain the growth of satellites by the existence of rare earth
pairs. For instance, Lupei et al. [11] interpret the concen-
tration dependent satellite lines observed in YAG:Nd3+ by
pairs created by neighbours placed on one of the 14 sites of
the first, second and third cationic coordination sphere: 4
at 3.68 Å, 8 at 5.62 Å and 2 at 6.00 Å. Guillot-Noël et al.,
investigating Nd3+ ions in a YVO4 single crystal by op-
tical spectroscopy and electron paramagnetic resonance
(EPR) [18] observe concentration dependent satellites on
each side of the two bands in the 4I9/2 → 4F3/2 absorp-
tion spectra at relatively low concentration (0.58%). No
satellites are present however, neither in the absorption
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Fig. 1. 3H4 → 3P0 absorption spectra at 20 K with different
Pr3+ concentrations in YAG: 0.07%, 0.2% and 1%. P : Principal
line, S1, S2: satellite lines.

spectrum nor in the EPR spectrum at low concentration
(0.05%) in this host. The satellites are interpreted as pro-
duced by Nd3+–Nd3+ pairs coupled by magnetic dipolar
interaction. The quadratical concentration dependence of
the intensity of some Pr3+ absorption lines in LaF3 (3%,
5%, 7%) is also related to ion pairs [19].

Other authors argue in favor of rare earths placed in
different sites. Gruber et al. [6] assume that different sites
arise from defects caused by loss of oxygen from the lattice
during crystal growth and exclude the possibility of for-
mation of pair or clusters of Pr3+ ions, because the weak
peaks retain their relative intensities at two different con-
centrations (0.02 and 0.08 at.%). Malinowski et al. [20] re-
port 7 peaks for 3H4(1) → 1D2(1,2) instead of 2 expected
lines in the excitation spectra of the 1D2 → 3H6 fluores-
cence of 0.08 at.% Pr3+ doped YAG single crystal. These
authors suggest that the crystal field and atomic param-
eters can be weakly modified by the presence of a second
Pr3+ ion substituted to a near neighbor Y3+ in a regular
D2 site and detect 6 non-equivalent sites. They also evoke
also the possibility of Pr3+ entering in the a sites of Al3+.
Antic-Fidancev et al. [5] show by selective excitation that
each excitation corresponds to one different satellite line.
These authors suggest an electron-phonon interaction of
the ground state level.

This short survey shows that there is no uniquely ac-
cepted interpretation of the satellite lines in rare earth
doped YAG.

In Figure 1 the absorption spectra become progres-
sively cleaner as the Pr3+ concentration decreases and fi-
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Fig. 2. Variation at 20 K of the normalized (divided by the
value for 1%) total intensity of the 3H4(1) → 3P0 transition,
of S1 and S2, with the concentration of the Pr3+ ion. Insert:
deconvolution of the spectral lines.

nally for a dilute concentration (0.07 at.%), the presence
of only one expected line at 20 536 cm−1 indicates that the
Pr3+ ions occupy one site symmetry. We shall refer to this
line as P . It corresponds to the 3H4(1) → 3P0 transition
produced by Pr3+ ions in the D2 symmetry of the undis-
torted site of Y3+. A close examination reveals no other
lines around P in the 0.07% sample (see inset of Fig. 1).
Gruber et al. [6] investigating a Czochralsky grown crystal
weakly doped with Pr3+ (0.08%) detect 4 weak lines close
to the strong one at 20 534 cm−1 (Fig. 6 in Ref. [6]). The
positions of two of these lines match those of two satel-
lites S1 and S2 at 20 519 and 20 545 cm−1 respectively,
appearing in our 0.2 at.% sample, on each side of P . For
the more concentrated sample, (1 at.%), these satellites
have grown as high as the central massif containing, in
addition to P , two shoulders (P ′ and P ′′), one of which is
the satellite observed by Gruber et al. 4 cm−1 to higher
energies from P . A deconvolution of the spectrum yields
intensities proportional to 52, 27, 78, 18 and 64 for S2, P ′,
P , P ′′ and S1 respectively (insert Fig. 2). The total inten-
sity of the 3H4(1) → 3P0 transition is distributed between
these five components and the percentage of Pr3+ ions
occupying isolated sites in the theoretical D2 environment
(site P ) is no more than 33%. Figure 2 shows the varia-
tion of the total intensities of the 3H4(1) → 3P0 transition
on one hand, of S1 and S2 on the other. The total inten-
sity of the 3H4(1) → 3P0 transition varies linearly with
the concentration while the variations of S1 and S2 with
the concentration are very similar and quasi quadratic.
This variation is clearly connected with the progressive
approach of other rare earth ions.

The probability for two doping ions to be found in
a given volume is approximately proportional to the to-
tal number of available sites in that volume multiplied
by the square of the concentration of doping ions. A de-
tailed account of occurrence probabilities in doped crys-
tals is given by Lupei et al. in reference [11]. There are
14 Y3+ sites available in a 6 Å sphere around one Pr3+.
The probability for the existence of a pair in this volume is
roughly equal to 14C2 which parallels the experimentally
stated variation. However, the C2 variation of the satel-
lites intensity says nothing about the physical interaction
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at 6.00 Å, atoms 3 and 4 at 5.62 Å.

mechanism. Figure 3 shows that it is possible, given the
3D2 operations of the site symmetry group, to define
among the 14 closest rare-earth neighbours, four non-
equivalent substitutions leading to slightly different sym-
metry sites for the central ion: one in the first shell of Y3+

nearest neighbours, and three in the second shell at 5.62
and 6.00 Å. A crude evaluation of the perturbation created
by a Pr3+ ion in the first shell at 3.68 Å on the crystal
field parameters of a Pr3+ ion with oxygens first neigh-
bours was performed by utilizing the covalo-electrostatic
model. The electrostatic contribution was assumed to be
the same with and without second neighbours. The crystal
field parameters decreased, by 5, 10 and 20% for the sec-
ond, fourth and sixth order parameters respectively. The
change of the free ion parameters was not evaluated. Crys-
tal field calculations with modified parameters show that
the 3H4(3)−3H4(1) and 3H4(9)−3H4(1) splittings are re-
duced by 9 and 65 cm−1 respectively by the presence of
the substituted Pr3+. We are therefore inclined to assign
the most remote satellite at 20 519 cm−1 to a Pr3+ ion on
the first coordination sphere at 3.68 Å from the central
ion, and the other satellite at 20 545 cm−1 (in addition to
those eventually nearly coincident with P ), to a Pr3+ ion
substituted on the second coordination shell. Other Pr3+
eventually located on farther sites (there are 8 more avail-
able sites at 6.61 Å and 4 at 7.04 Å) contribute to the
inhomogeneous broadening of the central line P .

The intensity of the absorption lines is proportional to
C and the probability for the occurrence of pairs to 14C2,
hence for a 1% concentration, the intensity of the satel-
lite lines should be grossly 14C2/C = 0.14 times that of
the 3H4(1) → 3P0 transition. The above considerations
show that the sum of the experimentally measured satel-
lite intensities S1 + S2 + P ′ + P ′′ represents 67% of the
total transition. If we assume that the satellite lines have
all the same transition probabilities, the sum of their in-
tensities is more than 4 times larger than expected. The

large difference between the atomic radii of Y3+ and Pr3+
probably destroys the statistical distribution of Pr3+ in
the matrix and there exists in the samples a tendency for
a crowding of Pr3+ ions in distorted zones, perhaps close
to the surface of the grains.

In addition to satellites which appear in the vicinity of
the 3H4(1) → 3P0 absorption line, similar kinds of satel-
lites and concentration dependences are observed in the
3H4(1) → 1D2, 3P1, 1I6 absorption spectra of the sam-
ples with 0.2 and 1 at.% concentrations. Since no satel-
lite lines are observed in the absorption spectra of the
0.07 at.% doped sample (except a broad band at about
16430 cm−1), the energy levels of Pr3+ ion were deter-
mined from the measurements on this sample and all the
absorption and emission spectra analysed hereafter refer
to it. It is assumed that for this concentration (0.07 at.%
Pr3+), and within the detection limits of of our experi-
mental setup, all the Pr3+ ions introduced in the matrix
occupy the D2 site only.

The several perturbed minority sites reported in the
earlier works: Hooge −5 at.% [3], Gourley −1 at.% [4],
Antic-Fidancev et al. −1 at.% [5] concerning Pr3+ doped
YAG arise therefore from a too high concentration of Pr3+
ions.

Gruber et al. [6] as well as Malinowski et al. [7] anal-
ysed the optical spectra of 0.08 and 0.02 at.% doped sin-
gle crystal, with a concentration similar to our lowest one.
Yet they always observed additional lines in addition to
the main one. The absence of spurious lines in our sample
is due, not only to the low concentration, but also to the
synthesis method [14].

3.2 Optical investigation: determination
of the position and representation of the energy levels

The average values of the three lowest levels of 3H4 multi-
plet observed by us are 0, 18 and 50 cm−1. In the absorp-
tion spectra, the transitions from the two and three low-
est levels of 3H4(1,2,3) to the higher excited levels of 3H6,
3F2,3,4, 1G4, 1D2, 3P0,1,2, 1I6 multiplets were recorded at
20 and 60 K respectively. At 20 K the two lowest levels
of 3H4 are thermally populated and at 60 K the three
lowest ones. The ab initio calculation based on the crystal
structure gives Γ3, Γ1 and Γ4 for the irreducible repre-
sentations of 3H4(1,2,3), as discussed in Section 4. The
variation of the relative intensities of the absorption lines
at 20 and 60 K permitted us to determine which start-
ing and terminal levels are involved for each absorption
line. In Figure 4, the absorption spectrum corresponding
to the 3H4(1,2,3) → 1D2 transitions at 20 K and 60 K is
shown. We can see clearly that lines 1 and 2 correspond
to 3H4(3) → 1D2(1,2), line 3 to 3H4(2) → 1D2(2), lines 4
and 5 to 3H4(1) → 1D2(1,2), line 6 to 3H4(3) → 1D2(3),
line 7 to 3H4(1) → 1D2(3), line 8 to 3H4(3) → 1D2(4),
line 9 3H4(2) → 1D2(4) (more visible for the 0.2% sam-
ple) and line 10 to 3H4(1) → 1D2(5). The position of
5 sublevels of 1D2 multiplet are thus determined as: 16 403,
16 413, 16 684, 17 082, 17 215 cm−1. 1D2(2) (line 5) is asso-
ciated with two temperature induced lines (lines 3 and 2)
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Fig. 4. 3H4 → 1D2 absorption spectrum at 20 K (solid line)
and at 60 K (dotted line).

separated by 18 and 49 cm−1 which assigns its symme-
try label as Γ2. 1D2(1) level (line 4) is associated with
one hot line (line 1) separated by 50 cm−1 and its sym-
metry label is Γ1 or Γ2. The fact that the 1D2 multiplet
(J = 2) has only one Γ2 indicates that 1D2(1) is Γ1. 1D2(3)
(line 7) is associated with one hot line (line 6) separated
by 50 cm−1 and 1D2(4) is deduced from two temperature
induced lines (lines 8 and 9) separated by 33 cm−1. No
hot line seems associated with 1D2(5) (line 10). The rep-
resentations of the 1D2 multiplet are therefore determined
from the absorption spectrum as the following: 16 403Γ1,
16 413Γ2, 16 884Γ1, 17 082Γ3, 171 215Γ4. The position of
these energy levels determined by us are slightly different
from the values of the authors of reference [6], but our
symmetry assignments are in agreement with theirs.

The position and symmetry assignments of the energy
levels were analyzed by the means of four kinds of optical
spectra:
1- absorption from to 3H4(1,2,3),
2- emission from 3P0,
3- emission from 1D2(1,2),
4- excitation monitoring emissions from 1D2(1) or 3P0.

The levels of 3H4,6 were determined from 1-2-3, 3H5

from 2-3, 3F2−4 from 1-2, 1G4 from 1, 1D2, 3P0−2, and
1I6 from 1 and 4.

In the absorption and emission spectra, all the allowed
transitions are not necessarily observed, since their tran-
sition probabilities may be very small. The fact that only
the transitions between identical representations are for-
bidden and that allowed transitions may be weak, makes
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Fig. 5. 1D2 → 3H4 (a) and 3P0 → 3H4 (b) emission spectrum
at 20 K: (a) under selective excitation into 16 413 cm−1, (b)
under selective excitation into 20 536 cm−1. Dotted double and
single solid arrows show the positions of the 3H4 sub-levels
which are observed in both emission spectra and in one of the
two emission spectra, respectively. (o) indicates emission lines
from 1D2(2).

the assignment of irreducible representation difficult or
impossible for many levels, from experimental considera-
tions only.

Table 1 shows the possible combinations which can
be made with the informations given by the absorption
and emission spectra. The representations authorized in
absorption are listed in column Γa, the transitions au-
thorized in emission from 3P0 and 1D2(1) in column Γb,
from 1D2(2) in Γc. Γab, Γbc and Γabc indicate finally the
possible representations determined by the combination of
these events.

From the absorption spectra, only Γ2 can be assigned:
if at 60 K the transitions from the three lowest levels
of 3H4 to a terminal level are observed, then the only
possible representation of this terminal level is Γ2. 7 levels
are assigned as Γ2. The other observed levels have two or
three possibles representations depending on the number
and the nature of the hot lines associated.

The symmetry labels of the energy levels observed
from selective excitation into 3P0 are Γ2, Γ3, or Γ4. From
selective excitation into this level (Figs. 5, 7–10), some
additional energy levels are determined and restricts the
possible representations assigned from absorption spectra.

From the selective excitation into 1D2(2) Γ2 at
16 413 cm−1 (Fig. 6), the emission lines from both
1D2(1,2) are observed at 20 K. 1D2(1,2) are separated by
10 cm−1 only and 1D2(2) is thermally populated at 20 K.
In the same way as for the absorption lines from 3H4(1,2),
the variations of the relative intensities of the emission
lines between 20 and 60 K determines from which level
the emissions take place. In Figure 6, lines 2 and 3 corre-
spond to the emissions 1D2(2)Γ2 → 3H4(2,3) and lines 1,
4, 5 and 6 correspond to 1D2(1)Γ1 → 3H4(1,3,4,8).

Line 6 shows a dip at 15 673 cm−1 which seems to
define two transitions. Actually, it is interpreted as an
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Table 1. Determination of the possible symmetry labels of the energy levels based on the observed absorption and emission
spectra.

Absorption Emission

3H4(1)
3H4(2)

3H4(3) Γa
3P0 Γb

1D2(1) Γc Γab Γbc Γabc

Γ3 Γ1 Γ4
1D2(1) Γ2

Γ1

x x x 2 2 2 2

x x - 2, 4 x 2, 3, 4 x 1, 3, 4 2, 4 3, 4 4

2, 4 x 2, 3, 4 - 1, 2, 3, 4 2, 3, 4 2, 4

2, 4 - 1, 2, 3, 4 x 1, 2, 3 2, 4 1, 3, 4 4

2, 4 - 1, 2, 3, 4 - 1, 2, 3, 4 1, 2, 3, 4 2, 4

x - x 1, 2 x 2, 3, 4 x 1, 3, 4 2 -

1, 2 x 2, 3, 4 - 1, 2, 3, 4 2

1, 2 - 1, 2, 3, 4 x 1, 3, 4 1, 2 1

1, 2 - 1, 2, 3, 4 - 1, 2, 3, 4 1, 2

- x x 2, 3 x 2, 3, 4 x 1, 3, 4 2, 3 3

2, 3 x 2, 3, 4 - 1, 2, 3, 4 2, 3

2, 3 - 1, 2, 3, 4 x 1, 3, 4 2, 3 3

2, 3 - 1, 2, 3, 4 - 1, 2, 3, 4 2, 3

x - - 1, 2, 4 x 2, 3, 4 x 1, 3, 4 2, 4 4

1, 2, 4 x 2, 3, 4 - 1, 2, 3, 4 2, 4

1, 2, 4 - 1, 2, 3, 4 x 1, 3, 4 1, 2, 4 1, 4

1, 2, 4 - 1, 2, 3, 4 - 1, 2, 3, 4 1, 2, 4

- x - 2, 3, 4 x 2, 3, 4 x 1, 3, 4 2, 3, 4 3, 4

2, 3, 4 x 2, 3, 4 - 1, 2, 3, 4 2, 3, 4

2, 3, 4 - 1, 2, 3, 4 x 1, 3, 4 2, 3, 4 3, 4

2, 3, 4 - 1, 2, 3, 4 - 1, 2, 3, 4 2, 3, 4

- - x 1, 2, 3 x 2, 3, 4 x 1, 3, 4 2, 3 3

1, 2, 3 x 2, 3, 4 - 1, 2, 3, 4 2, 3

1, 2, 3 - 1, 2, 3, 4 x 1, 3, 4 1, 2, 3 3

1, 2, 3 - 1, 2, 3, 4 - 1, 2, 3, 4 1, 2, 3

- - - 1, 2, 3, 4 x 2, 3, 4 x 1, 3, 4 2, 3, 4 3, 4

x 2, 3, 4 - 1, 2, 3, 4 2, 3, 4 2, 3, 4

- 1, 2, 3, 4 x 1, 3, 4 1, 2, 3, 4 1, 3, 4

x : transition is observed, - : transition is not observed, Γa: label based on the absorption spectrum from 3H4(1,2,3); Γb: label
based on the emission spectrum from 3P0 or 1D2(1); Γc: label based on the emission spectrum from 1D2(2); Γab: label based on
the absorption and emission spectra from 3P0 or 1D2(1); Γbc: label based on the emission spectra from 3P0 and 1D2(1,2); Γabc:
label based on the absorption and emission spectra from 3P0 and 1D2(1,2).

excited state absorption from 3F3(2) (populated by
3F3(1)) up to 3P2(2). The mechanism would be:

1D2(1) (16 403) → 3H4(8) (730) + 15 673 cm−1,
3F3(2) (6 499) + 15 673 cm−1 → 22 172 cm−1.

The energy mismatch with respect to 3P2(2) is equal
to 20 cm−1. In Figure 6, the assumed shape of line 6 is
drawn by a bold line.

Three cases arise in the selective excitation into
1D2(2): emission from 1D2(1)Γ1 only, from 1D2(2)Γ2, and
from 1D2(1,2). In the first case, the symmetry label of the
terminal level is Γ2, Γ3, or Γ4, for the second case, Γ1, Γ3,
or Γ4 and for the last one Γ3 or Γ4. In this way, the se-
lective excitation into 1D2(2) at 20 K and 60 K allows to
determine some more energy levels of 3H4,5,6 and 3F2,3,4

and to restrict the possible representations assigned from
absorption and emission spectra from the 3P0 level.

The excitation spectra obtained by monitoring the
1D2(1) → 3H6(1) emission at 12 101 cm−1 while the exci-
tation wavelength is scanned through 3H4(1) → 1D2 are
the same as the absorption spectra. The excitation spec-
tra obtained by monitoring the 3P0 → 3F3(3) emission at
13 975 cm−1 while the excitation wavelength is scanned
through 3H4 → 3P0,1, 1I6, 3P2, contains two more 1I6
levels (at 20 728 and 20 746 cm−1) than the absorption
spectrum. Figures 11 and 12 show the absorption and ex-
citation spectra at 60 K. In the excitation spectra, the
lines marked with solid arrows, open and solid circles in-
dicate absorption from 3H4(1), 3H4(2) and from 3H4(3),
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Fig. 6. 1D2 → 3H4 emission spectrum at 20 K (solid line) and
at 60 K (dotted line) upon selective excitation into 1D2(2) at
16 413 cm−1.
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Fig. 7. 1D2 → 3H5 (a) and 3P0 → 3H5 (b) emission spectrum
at 20 K: (a) under selective excitation into 16 413 cm−1, (b)
under selective excitation into 20 536 cm−1. Dotted double and
single solid arrows show the positions of the 3H5 sub-levels
which are observed in both emission spectra and in one of the
two emission spectra, respectively; (o) indicates emission lines
from 1D2(2).

respectively. The lines marked with dotted arrows indicate
the position of energy levels deduced from the hot lines.

The results are given in Tables 2 and 3 which list the
69 experimental levels observed by absorption from 3H4

or by emission from 3P0, 1D2 and which belong to Pr3+ in
the dodecahedral site of the YAG matrix. Their possible
assignments are indicated in the last column. The lifetimes
of the 3P0 and 1D2 levels have been measured. At 20 K,
they are equal to 11 and 262 µs, respectively.

The assignment is unique for 21 of these levels (6, 7, 4
and 4 levels identified as Γ1, Γ2, Γ3 and Γ4 respectively).
For another 20, there are two possibilities: 3 (Γ3 or Γ4), 8
(Γ2 or Γ4), 4 (Γ1 or Γ2), 1 (Γ1 or Γ4) and 4 (Γ2, Γ3)), and
for 28, there are three possibilities; 17 can be (Γ2, Γ3 or
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Fig. 8. 3H4 → 3H6 absorption (a), 3P0 → 3H6 (b) and 1D2 →
3H6 (c) emission spectra at 20 K; (o) indicates absorption lines
from 3H4(2) (a) and emission lines from 1D2(2) (c).
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Figure 7.
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Table 2. Absorption spectrum at 60 K and emission at 20 K from 3P0 and 1D2(1,2) (cm−1).

Absorption Emission Terminal level 2S+1LJ Γn

Eexc = 20 536 cm−1 Eexc = 16 413 cm−1

Starting level
z �� �

Starting level
z �� �

3H4(1)
3H4(2)

3H4(3)
3P0

1D2(1)
1D2(2)

0 Γ3 18 Γ1 50 Γ4 20 536 Γ1 16 403 Γ1 16 413 Γ2

16 403 0 3H4 3
16 395 18 1

20 485 16 353 16 363 50 4
15 877 526 2, 3, 4

19 992 vw 544 2, 3, 4
19 981 vw (555) 2, 3, 4
19 960 576 2, 3, 4

15 673 730 2, 3, 4

18 256 14 135 2 279 3H5 3, 4
18 243 14 112 14 112 2 293 3, 4
18 136 14 408 2 398 2, 3, 4
17 962 13 832 sh 2 574 2, 3, 4
17 952 13 821 2 583 3, 4
17 918 2 618 2, 3, 4
17 907 sh (2 629) 2, 3, 4
17 697 13 573a 2 839 2, 3, 4
17 675 13 545a 2 861 2, 3, 4

4 303 4 285 16 234 12 101 12 111 4 303 3H6 4
4 316 4 266 12 087 b 12 098 4 316 1

4 322 4 290 16 197 12 063 12 073 4 340 3
4 358 12 046 b 12 056 4 358 1, 4

4 402 b 16 127 11 995 4 409 2, 3, 4
16 078 b 11 946 b 4 458 2, 3, 4

4 568 15 968 4 568 2, 4
15 696 4 840 2, 3, 4

5 047 b 5 047 1, 2, 4
5 142 b 15 394 vw 5 142 2, 4

5 368 5 350 15 171 5 367 3F2 4
5 433 5 417 sh 5 383 15 105 sh,vw 5 433 2

15 088 5 448 3
5 537 5 537 1

6 483 6 433 6 483 3F3 1, 2
6 483 6 450 14 036 6 499 2, 3

6 560 6 543 13 975 6 561 2, 4
13 939∗vw

6 782 6 750 13 736 vw 6 800 2, 3
6 833 6 814 13 704 6 833 2, 4
6 998 6 981 6 947 13 538 vw 6 998 2

7 103 13 435 7 102 3F4 2, 4
7 134 7 117 7 084 13 402 7 134 2
7 160 7 160 1, 2, 4
7 302 13 233 7 303 2, 4

7 326 13 191 7 345 2, 3, 4
7 426 b 7 426 1, 2, 4

9 713 9 695 9 663 9 713 1G4 2
9 731 9 731 1, 2, 4
9 825 9 777 9 825 1, 2
10 117 10 117 1, 2, 4
10 256 10 256 1, 2, 4

b: broad, sh: shoulder, w: weak, vw: very weak, a: unresolved line, ∗: uncertain line, b: forbidden line. The levels between
parenthesis were not introduced in the calculations.
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Table 3. Absorption spectrum and excitation at 60 K for 1D2,
3P0,1,2 and 1I6 (cm−1).

Absorption Excitation Terminal level 2S+1LJ Γn

Starting level
z �� �

Starting level
z �� �

3H4(1)
3H4(2)

3H4(3)
3H4(1)

3H4(2)
3H4(3)

0 Γ3 18 Γ1 50 Γ4 0 Γ3 18 Γ1 50 Γ4

16 403 16 353 16 403 16 353 16 403 1D2 1

16 413 16 395 16 364 16 412 16 394 16 362 16 413 2
16 430∗ b,w

16 884 16 833 16 886 16 834 16 885 1
17 065 vw 17 032 17 031 17 082 3

17 215 17 218 17 217 4

20 536 20 485 20 534 20 516b 20 484 20 536 3P0 1

20 728 w 20 675 w 20 728 1I6 1, 2
20 728 20 696 w 20 746 1I6 2, 3

20 804 20 786 20 801 20 783 20 803 1I6 2, 4

20 830 w 20 830 1I6 1, 2, 4
21 043 21 025 20 992 21 038 21 020 20 988 21 041 3P1 2

21 104 21 122 3P1 2, 3, 4

21 142 21 123 21 136 21 118 21 139 3P1 2, 4
21 150 21 142 21 164 1I6 2, 3, 4

21 677 21 625 21 667 21 617 21 672 1I6 1, 2
21 812 21 781 21 805 21 771 21 827 1I6 2, 3

21 876 21 860 sh 21 868 21 872 1I6 1, 2, 4
22 107 22 089 22 056 22 103 22 085 22 051 22 105 3P2 2
22 156 22 147 b 22 152 3P2 1, 2, 4
22 266∗ sh,b 22 250 sh

22 267 sh 22 267 3P2 1, 2, 4
22 299 22 293 22 296 3P2 1, 2, 4

Excitation spectra: Eobs. = 12 101 cm−1 [1D2(1) → 3H6(1)] for 1D2 and Eobs. = 13 975 cm−1 [3P0(1) → 3H3(3)] for 3P0,1,2

and 1I6. b: broad, sh: shoulder, w: weak, vw: very weak, ∗: uncertain line, b: forbidden line.
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Fig. 11. 3H4 → 3P0,
1I6,

3P1 absorption (a) and excitation
spectrum (b) at 60 K. The excitation spectrum is obtained by
monitoring the 3P0 → 3F3(3) emission at 13 975 cm−1 when
the excitation wavelength is scanned through the 3H4 → 3P0,
1I6,

3P1 absorption spectral region; (o) and (•) indicate absorp-
tion from 3H4(2) and 3H4(3) respectively. Solid and dotted ar-
rows denote absorption from 3H4(1) and the position deduced
from hot lines (o, •) respectively.
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Fig. 12. 3H4 → 1I6,
3P2 absorption (a) and excitation spec-

trum (b) at 60 K. The excitation spectrum is obtained by mon-
itoring the 3P0 → 3F3(3) emission at 13 975 cm−1 when the
excitation wavelength is scanned through the 3H4 → 1I6,

3P2

absorption spectral region. (o, •) Solid and dotted arrows have
same meaning as in the Figure 11.
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Γ4), and 11 (Γ1, Γ2 or Γ4). In Tables 2 and 3, the represen-
tations which have a larger probability are typed in bold
form. For instance, transitions from 3H4(1)Γ3, 3H4(2)Γ1

and 3P0Γ1 to the 3F3 level at 6 833 cm−1 are observed, so
that the terminal level can be Γ2 or Γ4. Since the transi-
tion to this level from 3H4(3)Γ4 is not observed, there is
a large probability for its representation to be Γ4 which is
written in bold form. The levels of the 1I6 and 3PJ mul-
tiplets in Tables 2 and 3 do not completely agree with
the set determined by Malinowski et al. [7] from the ex-
citation spectra of upconverted 3P0 emission by pumping
the lowest level of 1G4. It is noteworthy that their crystal
contained 6 Pr3+ sites. There exist also some differences
between the energy level set listed in Tables 2 and 3 and
the one reported by Gruber et al. (Tab. 7 in Ref. [6]).
Some levels have different energies, and the assignments
of common lines are not always in agreement. Here are
some specific points of disagreements.

(a) The authors of reference [6] report that they ob-
tained the emission lines from 1D2(2) by selective exci-
tation into 1D2(2) at 16 409 cm−1 (their reported value)
at 1.6 K (Fig. 9 in Ref. [6]). At that temperature, it seems
that they should obtain the emission lines from 1D2(1)
at 16 403 cm−1 (their reported value), not from 1D2(2)
at 16 409 cm−1, because relaxation between 1D2(1) and
1D2(2) is very fast and rapidly establishes a Boltzman
population distribution. If the temperature is higher, then
the emission lines from the both 1D2(1,2) levels should
appear. In either case, it is improbable to observe the
emission lines from only the 1D2(2) level. Actually Fig-
ure 9 in reference [6] represents the emission lines from
the 1D2(1) level. The first and third lines in that Figure 9
correspond to the 1D2(1)Γ3 → 3H4(1,3)Γ1, Γ4 and the
second very weak line corresponds to the forbidden tran-
sition 1D2(1)Γ1 → 3H4(2)Γ1. Their positions of the energy
levels and assignments made on the basis of emission lines
from 1D2(2) instead of 1D2(1) for the levels of 3H4 and
3H5 multiplets seem to be erroneous. For example, their
levels at 533 and 742 cm−1 should be 9 cm−1 lower and
they cannot belong to the Γ1 representation (Tab. 3, in
Ref. [6]), but to Γ2, Γ3 or Γ4.

(b) In reference [6], the spectra are analyzed on the ba-
sis that all the allowed transitions should be observed, and
the forbidden ones, invisible, which is a probable, but not
certain hypothesis. Indeed, we have observed weak lines
which are transitions of Pr3+ in D2 and also three very
weak forbidden transitions: 3H4(2)Γ1 → 3P0Γ1 absorption
in the excitation spectrum monitored at 13 975 cm−1 cor-
responding to 3P0 → 3F3(3) and 1D2(1)Γ1 → 3H6(2)Γ1,
3H6(3)Γ1 in the emission spectrum. The spectrum in the
inset of Figure 11b presents the transition 3H4(3,2,1) →
3P0 at 60 K. The very weak line at 20 518 cm−1 corre-
sponds to the forbidden transition 3H4(2)Γ1 → 3P0Γ1.
This suggests that the site symmetry of Pr3+ in YAG
is not exactly D2 but might be lower. However for-
bidden lines cannot have large intensities: for instance,
the authors of reference [5] assign the line observed at
20 518 cm−1 in the absorption spectrum at 4.2 K to the
3H4(2)Γ1 → 3P0Γ1 transition, because this line is sepa-

rated by 18 cm−1 from 3P0 at 20 536 cm−1. It is highly
improbable that the relative intensity of the a forbidden
transition be as intense as a strong allowed one (Fig. 1 in
Ref. [5]).

4 Crystal field analysis

The crystal field analysis was performed firstly by the
standard method, within the 4f2 configuration only and
secondly in the framework of the CIACF (configuration-
interaction-assisted-crystal field model). The energy lev-
els were fitted by trial and error after diagonalization of
the interaction matrix. The expression of the Hamilto-
nian [21–25] is given by:

H =
∑

F kfk + ζ(f)Aso(f) + αL(L + 1) + βG(G2) + γG(R7)

+
∑

Mkmk +
∑

P kpk +
∑

Bk
q (f, f)Ck

q (f, f)

+
∑

Rk(f, l1, l2, l3)g(f, l1, l2, l3, k) + ζ(l)Aso(l)

+
∑

Bk
q (f, l)Ck

q (f, l)

f , l, l1, l2, l3 are the orbital moments. The ground con-
figuration is described by seven free-ion parameters: the
central field (F 0), electrostatic repulsion (F k, k = 2,
4, 6), spin-orbit (ζ(f)), two-body configuration (α, β, γ),
orbit-orbit (Mk), and electrostatically correlated spin- or-
bit (P k). γ is ascribed a constant value while the Mk,
P k are constrained by the fixed ratios (M2/M0 = 0.56;
M4/M0 = 0.38; P 4/P 2 = 0.75; P 6/P 2 = 0.5 [26]). In
addition, the D2 site symmetry of the A cation in the
A3B5O12 compounds gives rise to 9 crystal field parame-
ters (CFP): B2

0 , B2
2 , B4

0 , B4
2 , B4

4 , B6
0 , B6

2 , B6
4 and B6

6 . The
number of variable parameters in 4f2 amounts therefore
to 9 free-ion and 9 crystal field parameters, which makes a
total of 18. The configuration-interaction-assisted crystal
field analysis was described earlier in references [27–31].

Several methods have been utilized to improve crys-
tal field fits: the correlation (two-electron) crystal field
model [32–34] has been applied with success for the im-
provement of the description of singlet states. It presents
the advantage of acting on the ground configuration only.
Kornienko et al. [35] utilize also an effective Hamiltonian
working on the states of the ground configuration, with
one-electron crystal field parameters depending on the en-
ergy of the multiplets. A linear dependence of the crystal
field parameters on the energy is convenient for the Ln3+

ions.
We have chosen to enlarge the interaction matrix so

as to include, in addition to the ground configuration one
or several excited configurations and calculate directly the
complete interaction. Here, we shall include the 4f6p con-
figuration that is, perform the diagonalizations within the
4f2 +4f6p interaction matrix (dimension 91 + 84 = 175).
The excited 4f6p configuration and its interaction with
4f2 are defined by the configuration-interaction coulomb
integrals Rk(f , l1, l2, l3), a spin-orbit coupling constant
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Table 4. Crystal field parameters of Nd3+ in YAG: 1 - evaluated by the covalo-electrostatic model for Nd3+ [37]; 2 - transposed
values for Pr3+; 3 - fitted parameters from reference [6]; 4 - fitted parameters in 4f2, this work; 5 - fitted parameters in 4f2+4f6p.

Parameter B2
0 B2

2 B4
0 B4

2 B4
4 B6

0 B6
2 B6

4 B6
6

1 - Nd3+ −158 −534 −2 661 −350 1 124 1 365 609 1 727 369

2 - Pr3+ −170 −574 −2 869 −405 1 212 1 675 747 2 119 453

3 - Ref. [6] −391 −233 −3 023 −428 1 268 1 024 335 1 585 7

4 - 4f2 −427 −88 −3 171 −322 1 359 713 243 1 690 195

5 - 4f2 −294 −224 −2 636 −528 1 256 1 543 431 1 951 21

+4f6p −3 195 −2436 −19 922 −3 993 9 494

ζ(p) and 6 crystal field parameters (f, p): B2
0 , B2

2 , B4
0 , B4

2 ,
B4

4 . Theoretical values of the gap between both configu-
rations F 0(f, p) − F 0(f, f), of ζ(p), and of the Rk’s are
evaluated by Cowan’s RCN31 program [36]. One unique
variable multiplier X is defined as a phenomenological
multiplier of the Rk(f, l1, l2, l3). Actually only the two hy-
brid integrals Rk(f, f, f, p) (with k = 2 and 4) have an
efficient action. B2

0(f, p) and B4
0(f, p) are individually re-

fined, and it is assumed that the other CFP’s of the excited
configuration are given by Bk

0/Bk
q (f, p) = Bk

0/Bk
0 (f, f).

There are therefore three extra parameters in the crystal
field analysis involving the excited 4f6p configuration: X ,
B2

0(f, p), and B4
0(f, p). The crystal field analysis is per-

formed with starting values of the CFP evaluated by the
covalo-electrostatic model in reference [37]. The values for
Nd3+ are transposed to Pr3+ by multiplying by the ratio
of radial integrals 〈rk〉(Pr3+)/〈rk〉(Nd3+), i .e. 1.078, 1.156
and 1.227 for k = 2, 4, 6 respectively. The values are listed
in Table 4. In Table 4 are also reported the parameters
fitted by Gruber et al. [6], corresponding to the crystal-
lographic setting 1. They were transformed into setting
3 which is the one utilized by Burdick et al. (Ref. [38]).
A first diagonalization with the starting parameters listed
in Table 4 produces an energy level scheme quite differ-
ent from the experimental one, with however, a group of
three levels at 0, 112 and 158 cm−1 well separated from
the other six which start 300 cm−1 higher. In agreement
with the calculation and the assignments of Gruber et al.,
the three first levels were assigned as Γ3, Γ1, and Γ4 at 0,
18 and 50 cm−1 respectively. The subsequent assignments
were all compatible with this ordering.

The crystal field analysis was then carried out by in-
troducing at first those levels for which the assignments
were uniquely determined, and then by adding progres-
sively those for which there were only two possibilities and
by priviledging the most probable representations, at last
by filling up with the remaining levels. Two calculations
were carried out: firstly in the ground 4f2 configuration,
and secondly by taking into account the interaction with
the excited 4f6p configuration. We had to eliminate two
weak lines at 544 and 2 629 cm−1 because no level in the
vicinity, given the possible assignments, was compatible
with the calculation.

The four higher levels corresponding to broad and
strong absorption lines were left aside at first. The final
mean deviation in a 4f2 calculation involving the 63 lower
levels is equal to 23.8 cm−1 and the fitted parameters

are listed in Table 5 column 3. Gruber et al. [6] obtain
a mean deviation equal to 11 cm−1 for 52 experimental
levels, leaving aside the 1I6 multiplet. The levels assign-
ments of these authors are somewhat different from ours.

Table 6 lists the experimental levels in column 2, the
experimentally determined assignments in column 3 and
the calculated assignments in column 4. The differences
between experimental and calculated energies for the 4f2

calculation (63 levels) are reported in column 6. A second
calculation based on the same levels with the configuration
interaction 4f2 + 4f6p switched on, results in a decrease
of the mean deviation down to 13.2 cm−1 (column 2 in
Tab. 5). The differences between experimental and calcu-
lated energies are listed in Table 4, column 5.

The integrated intensity of the four highest absorption
lines at 22 105, 22 152, 22 267 (the latter is broad and badly
resolved) and 22 296 cm−1 (Fig. 12) is reported in Table 7.
In that spectral area, the calculation displays five levels,
two of which belong to Γ2 and three to Γ1 representations.
In order to determine the ordering of the levels, and if the
two Γ2 are grouped, we can only rely on a consideration
of the lines intensities. We assume that the intensities are
directly proportional to the 3P2 content in the wavevec-
tor. The wavevectors have similar compositions in both
the 4f2 and 4f2 + 4f6p calculations, but their ordering
is different. The two Γ2 levels are well separated, one of
the them has a leading 3P2 component equal to 67 and
74% while the other has a 18–23 3P2 content. The level
with the highest 3P2 content is therefore identified as the
Γ2 level at 22 105 cm−1. The ordering of the energies is
reversed in calculation 2. This reversal is taken into ac-
count in Table 7. Among the three remaining Γ1 levels,
one has a 83–85% 3P2 content. We assign it to the second
strongest 3P2 component at 22 152 cm−1. The two remain-
ing Γ1 levels have 3P2 contents equal to 30 and 29%, 50
and 39% in 4f2 and 4f2 +4f6p respectively. They are as-
signed to the 22 267 and 22 296 cm−1 levels. We note that
we have to reverse the ordering of the two first Γ1 levels
in both calculations. Actually, two levels which have been
classified as 3P2 have also a strong 1I6 content. Two more
calculations (3 and 4) were run using the complete set of
67 levels, in 4f2 + 4f6p and 4f2 respectively (columns 7
and 8 in Tab. 6). We note that calculation 3 is the only
one where the ordering of all the calculated 3P2 levels are
in agreement with the experimental ones. The mean devi-
ations over the whole set of 67 levels are then equal to 21.7
and 28.5 cm−1 (with and without CI resp.). CI improves
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Table 5. Free ion and crystal field parameters (cm−1) of Pr3+ in YAG without and with configuration interaction. X is the
fitted multiplier of the Rk’s. The following values (all in cm−1) were held constant: γ = 1515 cm−1, F 0(f, p) − F 0(f, f) =
124 343 cm−1, ζ(p) = 3 800 cm−1, R2(f, p, f, p) = 11 576, R2(f, f, p, p) = 3 249, R4(f, f, p, p) = 2 973, R2(f, f, f, p) = −4 886,
R4(f, f, f, p) = −2 968. The standard deviations are between parentheses.

levels 63 Levels (without 3P2) 67 Levels (with 3P2)

(1) (2) (3) (4)

4f2 + 4f6p 4f2 4f2 + 4f6p 4f2

Parameters

F 0(f, f, f, f) 10 424 (32) 10 173 (5) 10 408 (39) 10 167 (4)

F 2(f, f, f, f) 67 239 (45) 67 044 (65) 67 179 (58) 67 007 (59)

F 4(f, f, f, f) 49 121 (127) 48 798 (217) 49 197 (176) 49 014 (193)

F 6(f, f, f, f) 32 530 (104) 31 969 (145) 32 511 (117) 32 120 (130)

α 22.1 (0.4) 22.59 (0.56) 22.63 (0.46) 22.83 (0.52)

β −708 (22) −642 (35) −730 (32) −668 (36)

M0 1.58 (0.43) 0 1.61 (0.56) 0

P 2 199 (101) 296 (190) 529 (100) 567 (122)

ζ(f) 739.7 (3.3) 730.3 (5.8) 730.1 (4.0) 722.6 (4.6)

B2
0(f, f) −288 (23) −420 (26) −292 (34) −427 (26)

B2
2(f, f) −245 (56) −86 (33) −226 (66) −88 (32)

B4
0(f, f) −2 671 (70) −3 231 (64) −2 620 (95) −3 171 (60)

B4
2(f, f) −591 (93) −301 (57) −525 (107) −322 (60)

B4
4(f, f) 1 245 (40) 1 379 45) 1 252 (71) 1 359 (46)

B6
0(f, f) 1 537 (108) 795 (95) 1 506 (156) 713 (90)

B6
2(f, f) 555 (106) 318 (73) 424 (121) 243 (69)

B6
4(f, f) 2 010 (67) 1 728 (64) 1 957 (74) 1 690 (66)

B6
6(f, f) 124 (92) 191 (86) 32 (116) 195 (90)

X2 = X4 1.571 1.440

B2
0(f, p) −2 395 −3179

B4
0(f, p) −20 600 −19 995

σ 13.2 23.8 21.8 28.5

n 21 17 21 17

N 63 63 67 67

SD 16.2 27.9 26.3 33.0

N : Number of the experimental levels introduced in the fit. n: Number of the parameters which are allowed to vary freely. SD =
Standard deviation: [Σi=1,n(Eiexp. − Eicalc.)

2/(N − n)]1/2. σ: Un-barycentered mean deviation.

the agreement experimental/calculated to a certain extent
(24% and 20% for the mean and standard deviations re-
spectively). If the mean deviation is evaluated separately
for the four 3P2 levels, and for the 63 other levels, the
results are: 57 and 64 cm−1 for the 3P2 levels, 17.1 and
24.5 cm−1 for the other 63 levels, in the calculations with
and without CI. It is noteworthy that when only 63 levels
are introduced into the refinement process, the 3P2 levels
which are out of control drift up towards high energies and
their mean deviations are equal to 108 and 98 cm−1, in
calculations 1 and 2, with and without configuration in-
teraction respectively (Tab. 6). However, as already men-
tioned, the mean deviation of the 63 levels is improved
and amounts to 13.2 cm−1.

In Table 6 column 4 are indicated the levels represen-
tations in the four calculations. For 57 levels, the represen-
tations in the four calculations are identical and belong to
the allowed experimental set indicated in column 3. They
are considered as correct. There were only 21 experimen-

tally determined assignments. At the light of the calcula-
tions, there are now 57 fully identified levels. Five Γ2 levels
do not belong to the set of “most probable” assignments
written in bold form in Table 6, whereas 23 levels do.

For 10 remaining levels, the representations are not the
same in the four calculations. This occurs when adjacent
energy levels are very close to one another, with energy
differences of the order of 10 to 20 cm−1. For instance it is
not possible to state which of the three 3H4 levels at 526,
544 and 576 cm−1 is Γ2, Γ3 or Γ4. Actually, we believe
that calculation 3 is the most reliable and Γ4, Γ3, Γ2 is
the correct ordering.

Figure 13 plots the mean deviation of the crystal field
analysis in the 4f2 and the 4f2 + 4f6p analysis for the
six praseodymium doped compounds investigated by us
up to now: the solid curve represents the analysis in 4f2

and the dotted curve that in 4f2 + 4f6p. The mean devi-
ation in 4f2 seems to increases for crystal field strengths
lower than 500 cm−1, reach a maximum and eventually
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Table 6. Experimental energy levels, experimentally determined and calculated symmetry assignments and differences between
experimental and calculated energies for 4f6p and 4f2 calculations.

2S+LJ Eexp.(cm
−1) Γn exp ΓnCal. 63 Exp. Levels 67 Exp. Levels

(1) (2) (3) (4) (1) (2) (3) (4)
4f2 + 4f6p 4f2 4f2 + 4f6p 4f2

∆E
z �� �

3H4 0 3 3 8 −15 2 33
18 1 1 14 29 16 −16
50 4 4 4 −5 −4 −18

(555) 2, 3, 4 1 / / / /
526 2, 3, 4 3 2 4 2 −4 −7 −8 1
544 2, 3, 4 4 3 3 4 −4 7 −2 5

576 2, 3, 4 2 4 2 3 10 22 19 31
730 2, 3, 4 2 −14 −18 −9 −16
/ / 1 / / / /

σ 9.3 16.9 9.6 20.4

3H5 2 279 3, 4 4 3 4 3 0 8 −1 8
2 293 3, 4 3 4 3 4 9 11 10 17

/ / 2 / / / /
/ / 1 / / / /

2 398 2, 3, 4 2 −7 0 −3 −1

(2 629) 2, 3, 4 1 / / / /
2 574 2, 3, 4 3 4 3 3 −29 −28 −21 −17
2 583 3, 4 4 3 4 4 −25 −20 −35 −24
2 618 2, 3, 4 2 −11 −20 −11 −14

2 839 2, 3, 4 4 25 22 25 25
2 861 2, 3, 4 3 4 8 13 11

σ 17.2 17.0 18.3 16.4

3H6 4 303 4 4 −10 −27 −19 −29
4 316 1 1 −4 −13 −3 −12

4 340 3 3 −9 −11 −17 −17
4 358 1, 4 1 15 15 4 9
4 409 2, 3, 4 2 1 21 −7 17
4 458 2, 3, 4 3 −22 −43 −24 −44

4 568 2, 4 4 13 8 13 1
/ / 3 3 1 3
/ / 1 1 3 1

4 840 2, 3, 4 4 4 4 2 23 32 36 −12
/ / 2 2 2 4

5 047 1, 2, 4 1 11 19 7 17
5 142 2, 4 2 1 30 10 32

σ 13.1 24.3 16.8 22.4

3F2 5 367 4 4 −9 −34 −28 −39

5 448 3 3 5 −30 9 −27
5 433 2 2 −11 22 −23 16

/ / 1 / / / /

5 537 1 1 −4 15 −1 20
σ 7.8 26.3 18.7 27.0

3F3 6 483 1, 2 1 2 2 −3 −2
6 499 2, 3 3 5 27 −6 19
6 561 2, 4 4 12 0 25 2
6 800 2, 3 3 14 17 10 21

6 833 2, 4 4 2 4 4 −6 −3 8 8
/ / 2 4 2 2 / / / /

6 998 2 2 12 −25 −6 −14

σ 9.6 16.6 12.0 13.4
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Table 6. Continued.

2S+LJ Eexp.(cm
−1) Γn exp ΓnCal. 63 Exp. Levels 67 Exp. Levels

3F4 7 102 2, 4 4 16 58 27 65
/ / 3 / / / /

7 160 1, 2, 4 1 17 39 25 35

7 134 2 2 −13 −49 −9 −46
/ / 1 / / / /
/ / 2 4 2 4 / / / /

7 303 2, 4 4 2 4 2 −9 −21 −10 −25

7 345 2, 3, 4 3 −2 −37 12 −37
7 426 1, 2, 4 1 −17 −36 −12 −34

σ 13.5 41.6 17.4 42.3

1G4 9 713 2 2 25 28 34 25
/ / 4 / / / /

9 731 1, 2, 4 1 −7 40 0 34
/ / 3 / / / /

9 825 1, 2 1 −28 −19 −9 −11
10 117 1, 2, 4 4 8 0 −3 −1

10 256 1, 2, 4 2 8 −26 9 −25
/ / 3 / / / /
/ / 1 / / / /

σ 17.8 26.2 16.3 22.5

1D2 16 413 2 2 9 9 11 12

16 403 1 1 −22 −38 −5 −39
16 885 1 1 −13 −4 −20 −11
17 082 3 3 15 −5 24 −1
17 217 4 4 17 42 36 45

σ 15.8 25.8 22 27.6

3P0 20 356 1 1 1 1 −32 −14
1I6 20 728 1, 2 1 −2 −1 1 2
1I6 20 746 2, 3 3 −9 −12 −6 −6
1I6 20 803 2, 4 4 2 −9 2 −14
1I6 20 830 1, 2, 4 2 -3 -27 -5 -28
3P1 21 041 2 2 7 −4 21 21
3P1 21 122 2, 3, 4 4 -12 -14 3 11
1I6 21 139 2, 4 2 0 −14 9 9
1I6 / / 1 / / / /
3P1 21 164 2, 3, 4 3 −15 −18 6 7
1I6 21 672 1, 2 1 21 30 41 46
1I6 21 827 2, 3 3 21 31 35 50
1I6 21 872 1, 2, 4 4 −16 -4 10 11
1I6 / / 4 / / / /
1I6 / / 3 / / / /

3P2+
1I6 22 105 2 2 (0) (−60) 58 38

1I6 / / 2 / / / /
3P2 22 152 1, 2, 4 1 (−140) (−152) −63 −91

3P2+
1I6 22 267 1, 2, 4 1 (−1) (37) 24 75

3P2+
1I6 22 296 1, 2, 4 1 (−165) (−104) −72 −34

3P2+
1I6 / / 4 / / / /

3P2+
1I6 / / 3 / / / /

σ(3P1) 11.8 13.4 12.7 14.3
σ(1I6) 12.4 20.2 19.9 27.0
σ(3P2) (108) (98) 57 64
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Table 7. Experimental and calculated energy levels (in cm−1), integrated area (in Å) of the absorption transition from 3H4

and leading components of the “3P2” levels.

Calculation (1) fp 63 (2) f2 63 (3) fp 67 (4) f2 67

Eexp I Γ Ecalc | 〉 Ecalc | 〉 Ecalc | 〉 Ecalc | 〉
3P2

1I6
3P2

1I6
3P2

1I6
3P2

1I6

22 105 0.2 2 22 105 0.67 0.26 22 165 0.74 0.19 22 047 0.87 0.06 22 067 0.58 0.37

2 22 180 0.23 0.72 22 101 0.18 0.73 22 138 0.05 0.92 22 109 0.35 0.61

22 152 0.18 1 22 292 0.85 0.07 22 304 0.83 0.06 22 215 0.85 0.04 22 243 0.79 0.13

22 267 0.03 1 22 268 0.29 0.50 22 230 0.30 0.65 22 243 0.35 0.42 22 192 0.34 0.46

22 296 0.03 1 22 461 0.39 0.32 22 400 0.50 0.19 22 368 0.29 0.48 22 330 0.41 0.32
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Fig. 13. Mean deviation of the crystal field analysis versus
crystal field strength in Pr3+ compounds, with and without
configuration interaction.

decrease for YAG:Pr3+ (E = 639 cm−1), which is difficult
to understand. The mean deviation utilizing 4f2 + 4f6p
increases steadily. Figure 13 shows that the improvements
of the energy level fits were more important in the cases
formerly studied of LiYF4, YPO4, PrCl−6 and La2O3. This
might suggest that the configuration assisted crystal field
method becomes less efficient for strong crystal fields.
However it is not true for Cs2UBr6 and Cs2Zr(U)Br6
(U4+ = 4f2) [39]. The crystal field strength of these
compounds is equal to 1 363 cm−1, a far larger value
than considered here and yet the improvement due to CI
amounts to 80%. Taking into account the small number
of investigated compounds it is difficult to state whether
YAG:Pr3+ behaves abnormally or not. One point singu-
larizes YAG:Pr with respect to other compounds: it is
the strong mixing of 3P2 with 1I6. This mixing explains
the strong intensity of some of the 3H4 → 1I6 absorp-
tion lines, for instance the 3H4(1) → 1I6(7) transition at
21 672 cm−1. It has a large 3P2 content so that what is
observed is the 3H4 → 3P2 component of the transition.
For a large number of Pr3+ compounds, the majority of
the 1I6 levels are invisible and two-photon experiments

have to be carried out to complete the determination
of the energy level scheme. The mixing of 3P2 with 1I6
levels is not direct. It occurs through two interactions:
(a) a 3P2–1D2 spin-orbit interaction which is nearly con-
stant whatever the compound, and (b) a strong 1D2–1I6
host dependent crystal-field interaction produced by large
k = 6 order parameters. Therefore the 3H4 → 1I6 transi-
tions should be strong for all the compounds having large
k = 6 CFP’s. It is not the case, however for YPO4:Pr3+
for which most of the 3H4 → 1I6 transitions are invisible
and yet B6

0(f, f) = −1 379 cm−1. We can infer, however
that the conjunction of large CFP’s with k of all orders
favor the 3P2–1I6 mixing.

A logical step would be to allow for YAG:Pr3+ the
4f2/4f5d interaction as well as 4f2/4f6p. For YPO4:Pr3,
this action resulted in a further decrease of the mean
experimental/calculated deviation. The progression was
20.4 → 18.7 → 7.8 → 4.6 cm−1 in 4f2, 4f2 + 4f5d, 4f2 +
4f6p, 4f2 +4f6p+4f5d, respectively. For YAG:Pr3+, the
result is completely different. The point charge model pre-
dicts that the only non-vanishing odd crystal field param-
eters are S3

2 and S5
4 . Two bands ascribed to 4f2 → 4f5d

transitions occur in the absorption spectrum at 34 700
and 42 000 cm−1. S3

2 and S5
4 values equal to −3 500

and 9 000 cm−1 respectively reproduce fairly well the ex-
perimental splitting. However, if these values are intro-
duced into the interaction matrix, the lower 1I6 levels are
strongly disturbed and impossible to fit. The effect of the
4f5d configuration on all the 67 levels is such that the
change of the fitted 4f/4f crystal field parameters pe-
nalizes the 1I6 set. At this step, we cannot interpret this
effect. It is probable that another perturbating configura-
tion which we have not yet considered, is involved. The
test of an interaction 4f2/4f5f was unsuccessful. In these
conditions, it seems pointless to regard a theoretical eval-
uation of the intensities as very meaningful. Whereas the
calculation of 4fn−15d → 4fn intensities are allowed via
the 〈f |r|d〉 intensity matrix elements [41–43], the direct
calculation of 4f → 4f intensities requires a prelimary
determination of the small admixture of 5d states into the
4f wavefunctions, prior to evaluating the intensities [40].
A complete study of the 4f → 4f transitions intensities
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is beyond the scope of the present work. What was how-
ever done was a diagonalization with very small S3

2 and
S5

4 parameters, followed by a calculation of the absorp-
tion intensities for the highest lines of the spectrum. The
intensity of the lines at 22 047, 22 138 22215, 22 243 and
22 368 cm−1 were found proportional to 24, 2, 20, 5, and 7
which compares favorably with the experimental values
(Tab. 7) and confirms the empirical considerations based
on the leading components of the “3P2” levels. Less satis-
fying however is the occurrence of a strong absorption line
calculated with a strength equal to 19 at 22 490 cm−1; it
is invisible in the absorption spectrum. Therefore, if the
4f2 + 4f6p configuration interaction which is considered
in this work, is one step towards the solution, it does not
represent the complete solution.

5 Conclusion

It has been recognized that the interpretation of the opti-
cal spectra of Pr3+ doped Y3Al5O12 is complicated by var-
ious phenomena which are line broadening due to phonon
effects [44], satellite structure, inhomogeneous broaden-
ing. Non stoichiometric defects have also been suspected.
In this context, we felt that another contribution, utilizing
a different synthesis technique, and a crystal field analy-
sis including full configuration interaction would be useful.
We present therefore a new experimental optical investiga-
tion of Pr3+ doped Y3Al5O12 (YAG) on sintered powder
samples with several Pr3+ concentrations and at different
temperatures. The optical spectra of the translucent sam-
ple with the lowest concentration (0.07 at.%) are those of
Pr3+ in the D2 site of Y3+ without any additional lines
produced by other sites. This fact seems to refute a former
statement following which up to 9% of lanthanide ions can
be normally present in the octahedral a sites of pure YAG.
A microprobe analysis of our translucent ceramic sample
reveals a Y3+ deficiency and a Al3+ excess with respect to
the theoretical composition, a fact which seems to support
that there is no structural inversion between “c” and “a”
sites of the compound.

For increasing concentrations, satellite lines are ob-
served in the vicinity of all the absorption and emission
lines. The intensity of the satellites which are observed be-
side the 3H4(1) → 3P0 absorption line increases quadrati-
cally with the dopant concentration proving that they are
due to the approach of other Pr3+ ions, in larger numbers
than a statistic evaluation predicts.

The energy levels of the 4f2 configuration of Pr3+ were
determined by absorption and site selective excitation.
Three weak forbidden lines have been observed, which
seems to indicate that the symmetry at the Pr3+ site is
lower than D2.

69 out of the 91 crystal field levels of Pr3+ in YAG
have been determined and 67 have been utilized for a
crystal field analysis in 4f2 and in the enlarged matrix
4f2 +4f6p. The 3P2 levels are the less well fitted and and
are strongly mixed with 1I6. The global mean deviation
experimental/calculated energy levels is equal to 28.5 and

21.8 cm−1 in 4f2 and 4f2 + 4f6p respectively. The im-
provement due to configuration interaction is much less
pronounced than in former analyses on Pr3+ compounds.
The fit in 4f2 + 4f6p ensures however a correct order-
ing of the experimental levels with respect to their irre-
ducible representations. The behaviour of the 3P2 levels
limits the improvement in the CI analysis: the mean de-
viation for 3P2 levels amounts to 57 cm−1 whereas it is
only 17 cm−1 for the 63 lower levels. When the 3P2 lev-
els are disregarded, and the fit is based on these 63 lower
levels only, the mean deviation falls down to 13.2 cm−1.
The 3P2–1I6 mixing is connected with the presence of
large crystal field parameters, especially the k = 6
order ones and one question which arises concerns the
reason why some compounds should have such large pa-
rameters, larger than for simple oxides for instance. In a
previous work on the derivation of semi-empirical values
of CFP’s from the structure, the ionic charges, the theo-
retical atomic wavefunctions, [37], we noted that the B6

q

parameters of the oxide compounds with Al3+ ions as sec-
ond neighbours were “abnormally” large. This was verified
for NdAlO3, YAlO3:Nd3+, Ca0.8Mg0.2Al11.8O19Nd0.2 and
Y3Al5O12:Nd3+.

The authors are indebted to Dr. Eric Leroy, Laboratoire de
Chimie Métallurgique, UPR 209 at Thiais for the microprobe
analysis of the 0.07% doped sample.
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