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We present a recipe for the calculation of the optical properties of Ce3+-doped systems. The model
implies the use of ligand field phenomenology in conjunction with Density Functional Theory (DFT).
The particular procedures enable the reliable prediction of the 4f1 ? 4f05d1 transitions in Cs2
NaYCl6:Ce

3+. The analysis of the doping of Ce3+ into the host is accomplished by band structure
calculations. The calculated multiplet energy levels are in agreement with the experimental observation,
the outlined treatment being, to the best of our knowledge, unprecedented clear and conclusive
application of DFT for the rather complex problems of structure and spectroscopy of cerium-doped
systems.

1. Introduction

Among the various magnetic and optical properties of systems
containing lanthanide ions, determined by the complex electronic
structure effects, a special situation is represented by the mecha-
nisms leading to the functioning of rare earth ions in light emitting
diodes (LED) technologies. The key effect consists here in the
strong f? d dipole allowed transitions. Artificial white light is
yet mainly obtained by the combination of a gallium nitride blue
LED with an inorganic yellow phosphor, which is yttrium alumi-
num garnet, Y3Al5O12, doped with Ce3+ [1]. However, the spectrum
of known systems do not match well the solar alike day light, the
obtaining of the so-called warm-white light being an open quest.
Aside of the technological goals, this aim is challenging also for
academic approach, since a proper understanding of causal factors
can help in the rational tuning of the desired phosphorescence
spectrum.

The Ce3+ ion is of great interest in computational chemistry
since there is only a single valence electron, which makes the
theoretical aspects relatively simple, giving further advances into
the possibility to predict the optical properties corroborated with
the synthesis of the candidate systems or even, prospectively, in
advance of the experiment. The analysis of the 4f1 ? 4f05d1

transitions in Ce3+ complexes is usually approached by phenome-
nological fit to experimental spectra [2–4] being known also ab ini-
tio approaches [4–7]. Lesser effort has been done in dealing with
Density Functional Theory (DFT), even though methodologies exist,
for instance using the early concept of Delta-SCF of Slater [8] or the
modern Time Dependent TDDFT routines [9]. A more intuitive way
to handle the problem is the application of ligand field theory
along the DFT calculation, following the approach of Ligand Field
Density Functional Theory (LFDFT), [10] as we have developed first
for a single open-shell d- [11] or f-electrons [12] and recently for
two open-shell f- and d-electrons [13].

Herein we present a LFDFT approach for the calculation of the
optical properties of Ce3+ complexes involving two-open-shell f
and d. The Hamiltonian which describes such a system is
represented in terms of one-electron ligand field and spin–orbit
coupling parameters:

H ¼ H0 þHLF þHSO; ð1Þ
where the first term H0 describes the atomic-like body preserving
the spherical symmetry, the following components representing
the one-electron ligand field (HLF) and the spin–orbit (HSO) interac-
tions. Working in the convention of the Wybourne-normalized
crystal field Hamiltonian [14], expanded in the basis of spherical
harmonics functions Yk,q, both the zero-order and the ligand field
terms can be equated with the Bk

q parameters. In the usual single
open-shell ligand field problems dedicated either to d- or
f-electrons, the k = 0 components are ignored but, in the actual
two-open-shell problem the relative position of d and f orbitals
must be correspondingly defined.
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The Hamiltonian (Eq. (1)) and its components are worked in a
spin–orbital basis set, having the series of 24 one-particle states,
i.e. 14 spin–orbitals for the 4f1 and 10 spin–orbitals for the
4f05d1 electron configuration. Thus, the 24 � 24 H0 matrix is
presented as following:

H0 ¼ B0
0ðf ÞIf 0

0 B0
0ðdÞId

 !
ð2Þ

where If and Id are 14 x 14 and 10 x 10 identity matrices, respec-
tively. In fact, only the energy gap D(fd) of the k = 0 parameters is
required,

D fdð Þ ¼ B0
0 dð Þ � B0

0 fð Þ ð3Þ
In spite of being labeled with zero subscript, in line with the

k = 0 elements in the Wybourne formalism, the H0 includes the
effect of ligand field, as spherical average. In the absence of ligand
field for the free ion, we shall refer to a D0(fd) = hd � hf energy gap,
where hf and hd are the energies of the 2F and 2D terms originating
from the 4f1 and 5d1 electron configurations of the free Ce3+ ion,
respectively. From the barycenter of observed spectral terms of
the free Ce3+ ion, one obtains D0(fd) = 49943 cm�1 [15].

The HLF Hamiltonian corresponding to the ligand field potential
takes full account for the lowering of the symmetry due to the
chemical environment of the Ce3+ ion center:

HLF ¼
HLFðfÞ HLFðfdÞ

HLFðfdÞT� HLFðdÞ

 !
ð4Þ

where HLF(f), HLF(d) and HLF(fd) are 14 � 14, 10 � 10 and 14 � 10
block matrices, which represent the splitting of the 4f and 5d
spin–orbitals. These blocks are made, each, of by two identical
subblocks with the respective 7 � 7, 5 � 5 and 7 � 5 dimensions,
corresponding to the a and b spin–orbital sets. We worked with
double sized matrices in order to introduce the spin–orbit coupling
that has matrix elements between the a and b spin–orbitals. In the
Wybourne parameterization the ligand field matrices HLF(f) and
HLF(d) are traceless blocks. A gain of chemical intuition is reached
translating the Wybourne-normalized crystal field parameters into
the Angular Overlap Model (AOM) [16,17] scheme. The AOM assigns
the parameters in accordance to the chemical bonding, er and ep,
having also different sets for the ligand field influence of the f-
and d-orbital.

The HSO Hamiltonian corresponding to the spin–orbit coupling
is included because of the large spin–orbit coupling constants
encountered in the Ce3+ ion embedded in the Cs2NaYCl6 crystal
host, i.e. f4f = 624.1 and f5d = 792.7 cm�1 which were observed
experimentally [4]. In this Letter we report a model calculation
of the optical properties of the Ce3+ ion in a chemical environment,
providing a simple recipe based on the LFDFT procedure. The
methodology, which takes full account of all interactions in the
Hamiltonian given in eq. 1 involves the calculation of the D(fd)
(Eq. (3)) and the AOM or Bk

q parameters in a non-empirical way.
The model calculation is then applied to the determination of the
optical properties of Cs2NaYCl6:Ce3+, an example of system which
has been widely analyzed either theoretically [4,6] or experimen-
tally [4].

2. Methodology and computational details

The LFDFT calculation presented here involves three steps: (i)
an Average of Configuration (AOC), with equal occupation of the
4f-orbital and 5d-orbital is carried out, i.e. 4f1/25d1/2 electron
configuration. (ii) While these orbitals are kept frozen, the energies
of all single determinants within the whole ligand field manifold
are calculated, i.e. for the 14 spin–orbital states of the 4f1 and for

the 10 spin–orbital states of the 4f05d1 electron configurations.
These energies are then used to determine the D(fd) parameter
and the ligand field potential needed in the present model by a
least squares fit. We must point out that the energies of the
spin–orbital states obtained running the position of the electron
in the frozen Kohn–Sham orbitals previously prepared by the
AOC calculation (step i) are subtly different from the orbital
energies. (iii) The multiplet splitting of the 4f1 and the 4f05d1

electron configurations of the Ce3+ ion are then calculated by
diagonalizing the Hamiltonian H given in Eq. (1), having the series
of 24 one-particle states as basis.

The molecular DFT calculations reported in this Letter have
been carried out by means of the Amsterdam Density Functional
(ADF2010) program package [18]. The ADF has the important tech-
nical feature of specific input keywords allowing to control orbital
and spin populations and generate fractional populations and dif-
ferent Slater Determinants. This leverage is important for the
non-routine computational approach demanded by the LFDFT
treatment. The local density approximation (LDA) characterized
by the Vosko-Wilk-Nussair parameterization [19] of the electron
gas data has been used for preliminaries related with geometry
consideration. Then the conventional hybrid B3LYP functional
[20], i.e. with 20% Hartree–Fock exchange correction has been used
for the exchange–correlation energy and potential for the determi-
nation of the optical properties of the Ce3+ ion. The molecular
orbitals were expanded using an uncontracted triple-f Slater Type
Orbitals (STO) basis set plus two polarization function (TZ2P+) for
the Ce atom and an uncontracted triple-f STO basis set plus one
polarization function (TZP) for the Cl and Na atoms. The LFDFT
software running in the Matlab/Octave environment has been
developed in Fribourg during the last two decades and is freely
available from the authors upon request.

We have also carried out electronic and structural calculations
of the periodic system Cs2NaYCl6 with the Vienna Ab initio Simula-
tion Package (VASP) [21] and the Projector Augmented Wave
method (PAW) [22]. This calculation allows to analyze the distor-
tion induced in the lattice structure by the substitutional doping
of the Ce3+ ion taking into account the periodicity of the infinite
system, which is not possible with the molecular calculation. For
the exchange–correlation potential we used the LDA [19], as well
as the Generalized Gradient Approximation (GGA) parameteriza-
tion by Perdew et al. [23]. The band structure calculations were
done using a plane-wave basis set with a cutoff energy of 350 eV.
The geometry optimization of cell parameters and site coordinates
was performed until forces were smaller than 0.001 eV/Å. We sim-
ulated a periodic cubic structure of 40 atoms and a lattice constant
of 10.740 Å, in which we introduce a Ce3+ impurity into an Y3+-site.
This means that we have an impurity concentration of 25% (a Ce3+

ion in each fourth Y3+-site) and a distance between nearest impu-
rities of 10.740 Å. We found this unit cell size to be large enough so
that the interactions between impurities are negligible, as test
made with larger unit cells gave similar results.

3. Results and discussion

A recent work published by the authors [13] describes the anal-
ysis of the general 4fn ? 4fn-15d1 transitions in lanthanide com-
plexes. The general methodology named LFDFT was applied for
the characterization of the optical properties of Pr3+ doped into Cs2-
KYF6 crystallizing in the elpasolite structure type, in order to
emphasize the microscopic origin of the so-called quantum-cutting
process. It has been shown that the DFT calculation based on the
hybrid B3LYP functional gives a reasonable agreement with the
experimental observation [13]. The energy gap between the 4f
and 5d configurations of the Ce3+ ion is represented by the D(fd)
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parameter, which also describes the influence of a spherical
environment as given in Eq. (3). In the absence of ligand field inter-
action, we calculated the D0(fd) parameter using LFDFT method,
where a value of 49943 cm�1 is deduced experimentally. [15]
The calculated together with the experimental multiplet energy
splitting of the free Ce3+ ion are presented in Figure 1, while the
hybrid functional was used along the LFDFT procedure.

Taking into account the spin–orbit coupling, the ground state 2F
of the Ce3+ ion splits in two components: the 2F7/2 and 2F5/2 terms.
In the same way, the excited state 2D splits into 2D5/2 and 2D3/2

terms. The calculated energy levels corresponding to these four
spin–orbit terms are calculated and presented in Figure 1, in which
the spin–orbit coupling constants have been calculated using the
approach of ZORA relativistic [24] available in the ADF program
package [24] where f4f = 738.5 and f5d = 990.4 cm�1 were found
at the B3LYP level of theory. These calculated spin–orbit coupling
constants for the free Ce3+ ion are in good agreement with the
experimental data [15] Although B3LYP functional was found suit-
able to represent the optical properties of the Pr3+ ion [13], it is
seen from Figure 1 that the conventional B3LYP parameterization,
i.e. with 20% Hartree–Fock exchange correction fails to represent
the splitting pattern, in other words the D0(fd) parameter is over-
estimated by the pure exchange–correlation part. Moreover, the
greater is the amount of the Hartree–Fock exchange correction in-
cluded in the hybrid parameterization, the more accurate are the
results as the D0(fd) parameter decreases (Figure 1). This happens
until a Hartree–Fock exchange correction of 80% (Figure 1). At
higher percentage, the D0(fd) parameter starts to be underesti-
mated, suggesting however the absolute necessity of DFT content
in the exchange–correlation energy and potential.

The Ce3+ ion is doped into the Cs2NaYCl6 host, replacing the
trivalent Y3+ ion, as it is observed experimentally [4]. Therefore
the Ce3+ ion is coordinated with six chloride ligands forming an
octahedral arrangement. We have carried out a structural optimi-
zation within the plane-wave band structure calculation of the

infinite periodic system. The results show that the substitution
doping of an Y3+-site with Ce3+ ion mainly affects the positions of
its first neighbors, namely the six chloride ligands whereas the dis-
placement of the remaining atoms is negligible. In Figure 2 we
show the dependence of the potential energy with the distance be-
tween the Ce3+ ion and the chloride ligands. We found an equilib-
rium distance of 2.702 Å with LDA calculation and of 2.714 Å with
GGA, in good agreement with the further molecular calculation
(see Table 1) and the experimental data. However, the plane-wave
band structure calculation does not allow to control molecular
orbitals and their occupation schemes in the manner demanded
by the LFDFT approach, so that a cluster containing the cerium site,
selected as a cut from the lattice, has to be used in subsequent
molecular calculations, in order to generate the different excited
states. The selected cluster contains a central Ce3+ ion, the nearest
neighbors (i.e. six chloride ligands) and the next nearest neighbors
(i.e. six Na+ ions). This cluster calculation is expected to reproduce
reasonably the situation of the Ce3+ ion embedded in the crystal in
a Y3+-site. A geometry optimization procedure is carried out in the
molecular system in order to determine the bond length between
the Ce3+ ion and the chloride ligands following a totally symmetric
displacement of the chloride cage, in the case of different molecu-
lar orbital configuration.

In the octahedral environment, the 4f-orbital of the Ce3+ ion
splits into a2u, t2u and t1u representative of the irreducible repre-
sentations (irreps) of the Oh point group, while the 5d-orbital splits
into t2g and eg. In Table 1 we present the calculated geometry of the
cluster as function of different occupation schemes, nevertheless
making the assumption that the spin–orbit interaction does not af-
fect too much the optimized geometry.

A bond length of 2.619 Å between the Y3+ ion and the chloride
ligands was found experimentally in Cs2NaYCl6 crystallizing in
the elpasolite structure type [25]. While doped with Ce3+, the size
of the Y3+-site always increases (cf. Table 1 and Figure 2) in accor-
dance to the estimation by Shannon radii [26] of Ce3+ and Cl- ions

Figure 1. Experimental (exp.) and calculated LFDFT multiplet energy levels at the hybrid level of theory while the percentage of the Hartree–Fock exchange correction
included in the hybrid parameterization is varied; corresponding to the 4f1 (in red) and 4f05d1 (in blue) electron configurations of the Ce3+ ion. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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for such an octahedral coordination. The calculated bond lengths
for the electronic states originating from the 4f1 electron configu-
ration of the Ce3+ ion are almost equal, whereas a difference is
found for the two states 2T2g and 2Eg originating from the 4f05d1

electron configuration. This is in line with the small implication
of the f electrons in the bonding, while coordination effect of lan-
thanide ions is merely ensured by the empty 5d virtuals, in the
ground state [27]. This is also correlated with the apparently
intriguing fact that the system in the 4f05d1 excited configuration
shows sensibly shorter coordination bonds as compared to those in
the 4f1 ground configuration.

Moreover, except for the case of the 2A2u state, the other elec-
tronic states tabulated in Table 1 (i.e. 2T1u, 2T2u, 2T2g and 2Eg) are
degenerate states. Meanwhile these states undergo an Jahn–Teller
distortion [28], like in the case of the well-known vibronic coupling
between the 2T2g electronic state with eg and t2g vibrational modes
in cubic symmetry (T2g � (eg + t2g)). Accordingly, various geome-
tries belonging to the D4h and D3d epikernel subgroups of the Oh

point group appear with relatively small Jahn–Teller stabilization
energies. However, these energies are mostly smaller than those
determined by spin–orbit coupling, which for instance already
splits the 2T2g state into two states labeled C7g and C8g in the O⁄
double group, allowing us to neglect the Jahn–Teller effect.

In Table 1 (line 3 and line 7) two geometries are presented and
determined by means of the AOC approach. The AOC occupation of
the Kohn–Sham orbital is a restricted self consistent field compu-
tation to represent the partially filled shell originating from the
4f- and 5d-orbital of the Ce3+ ion. The electron is evenly distributed
upon first the 14 spin–orbitals of 4f-orbital, then the 10 spin–orbi-
tals of the 5d-orbital of the Ce3+ ion. In this way, the densities have
the symmetry of the external potential, i.e. belong to the totally
symmetric representation of the point group under which the
Hamiltonian is invariant. This AOC type geometry optimization of-
ten has been used in LFDFT [10–13] and allows to obtain the ver-
tical transition energies of the complex being analyzed upon the
specific electron configuration defined in the AOC scheme. Hence,
the vertical absorption energies and the vertical emission energies
of the Ce3+ ion doped into the Y3+-site are calculated and the corre-
sponding ligand field parameters are extracted and presented in
Table 2. These vertical transition energies are obtained first for
the absorption considering the bond length between the Ce3+ ion
and the chloride ligands as 2.726 Å and secondly for the emission
considering this bond length as 2.670 Å, according to the geome-
tries presented in Table 1.

Although the multiplet energy splitting of the 4f-orbital of the
Ce3+ ion is slightly underestimated if compared to the experimen-
tal data (see Table 3), the LFDFT parameters presented in Table 2
are in general in good agreement to the experimental fitted param-
eters. The two sets of parameters related once to absorption and
secondly to emission are different, especially for the case of the
5d-orbital. In the emission as the bond lengths between the Ce3+

ion and the chloride ligands are shorter, the splitting pattern of
the 5d-orbital is much more pronounced than that occurring in

Figure 2. Total energy, referred to the minimal energies, of the infinite periodic system Cs2NaYCl6 with a Ce3+ impurity in an Y3+-site, as a function of the distance between
the Ce3+ impurity and its six nearest neighbors, which are chloride ligands; corresponding to the LDA (in red) and GGA (in blue) calculations. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Calculated DFT bond length d (in Å) between Ce3+ and Cl� ions by doping of the
octahedral Y3+-site in Cs2NaYCl6 in terms of different molecular orbital (MO)
occupation schemes.

Origin of state MO Occupation Electronic state d

4f
1
25d

1
2 a

1
14
2u t

3
14
2u t

3
14
1u t

3
10
2g e

2
10
g

– 2.6955

4f 15d0 a
1
7
2u t

3
7
2u t

3
7
1u t

0
2g e

0
g

– 2.7256

a12u t
0
2u t

0
1u t

0
2g e

0
g

2A2u 2.7240

a02ut
1
2ut

0
1ut

0
2ge

0
g

2T2u 2.7261

a02u t
0
2u t

1
1u t

0
2g e

0
g

2T1u 2.7257

4f 05d1 a02u t
0
2u t

0
1u t

3
5
2g e

2
5
g

– 2.6698

a02u t
0
2u t

0
1u t

1
2g e

0
g

2T2g 2.6624

a02u t
0
2u t

0
1u t

0
2g e

1
g

2Eg 2.6880
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the absorption, whereas for both transitions the splitting pattern of
the 4f-orbital looks similar (see Table 3). It is noteworthy to high-
light that although the change of the bond length between the Ce3+

ion and the chloride ligands does not affect the determined AOM
parameters corresponding to the 4f-electrons, the presence of the
Na+ ions in our cluster calculations must interfere with the param-
eters as stated by Atanasov et al. [29] have determined that the
AOM er(f) parameter decreases in the presence of point charges,
as surrogate for the effect of Na+ ions considered explicitly in our
case. In turn, the ep(f) quantities are particularly unaffected. This
is because of the small implication of the unoccupied 3s-orbital
of the Na+ ions into the molecular orbital of the cluster. Given
the Oh ligand field symmetry, a symmetry adapted linear combina-
tion of the 3s-orbital of the six Na+ ions forms the basis of a1g, eg
and t1u irreps. This latter one, while combined to the one originat-
ing from the splitting of the 4f-orbital of the Ce3+ ion, contributes
to stabilize the energy of the resulting molecular orbital within
the t1u irrep, ergo, lowering the value of the AOM parameter er(f)
independently to that for the ep(f).

The quantities presented in Table 2 are used to parameterize
the Hamiltonian H shown in Eq. (10). The multiplet energy split-
tings corresponding to the 4f1 and 4f05d1 electron configurations
of the Ce3+ ion are then obtained by diagonalizing this Hamilto-
nian. The eigenvalues of the Hamiltonian H (eq. 1) are presented
in Figure 3 for instance for the calculated absorption transitions,
taking into account successively the influence of H0, HLS and HSO

as it is defined in Eq. (1).
Considering H0 (Eq. (2)), two electronic states are obtained: the

ground state 2F and the excited state 2D, whose degeneracies are 14

and 10, respectively. The octahedral ligand field parameterized in
the HLF Hamiltonian (Eq. (4)) splits these states into the following
irreps of the Oh point group: 2F? 2A2u+2T2u+2T1u and 2D? 2T2g+2Eg.
The eigenvalues of the HLF (Eq. (4)) matrix give the energies of
these electronic states. Given the high symmetry, the ligand field
energy levels or, equivalently, the spectral term energies of 4f1

and 4f05d1 configurations, can be expressed in the following ana-
lytical formulas, using the Wybourne parametric scheme:

E 2A2u
� � ¼ B0

0 fð Þ � 4
11

B4
0 fð Þ þ 8

143
B6
0 fð Þ ð5aÞ

E 2T2u
� � ¼ B0

0 fð Þ � 2
33

B4
0 fð Þ � 60

143
B6
0ðf Þ ð5bÞ

E 2T1u
� � ¼ B0

0 fð Þ þ 2
11

B4
0 fð Þ þ 100

429
B6
0ðf Þ ð5cÞ

E 2T2g
� � ¼ B0

0 dð Þ � 4
21

B4
0 dð Þ ð5dÞ

E 2Eg
� � ¼ B0

0 dð Þ þ 2
7
B4
0 dð Þ ð5eÞ

The presentation of the energies of the spectral terms in Figure 3
are related with the B0

0 (f) = 0 convention and the B0
0 (d) =D(fd)

equivalence. Alternatively, one may choose the B0
0 (f) in order to

set the energy of the ground state 2A2u in zero in respect to the
AOM formulation, where the energy of this electronic ground state
is zero by symmetry because the octahedral ligand field does not
contains this representation in the perturbation. The conversion
of the Wybourne-normalized crystal field parameters into the
AOM ones is outlined in a precedent work [13]. In the case of the
f-shell, the number of parameters in AOM vs. Wybourne schemes
is identical, making their conversion straightforward. However in
the d-shell the AOM implies two parameters while the symmetry
and Wybourne scheme demand only one. The redundancy of the
AOM parameterization is usually reduced imposing the er(d)/
ep(d) = 3 ratio. This ratio is used to compare with experimental
data, where in Oh symmetry 10Dq is the only relevant parameter,
and can be calculated from ab initio methodology as seen in
Table 2.

The spin–orbit components resulted from the split of the Oh

spectral terms, in the Bethe notation of the irreps of the O⁄ double
group, are 2A2u ? C7u, 2T2u ? C7u + C8u and 2T1u ? C6u + C8u for
the 4f1 electron configuration; while 2T2g ? C7g +C8g and 2Eg ?
C8u for the 4f05d1 case. In fine 24 eigenvalues, 12 Kramers doublet
are determined out of the diagonalization of the Hamiltonian H
(Eq. (1)) and presented in Figure 3 in terms of the spectroscopic
terms listed above for the absorption transitions of Ce3+-doped Cs2-
NaYCl6. These eigenvalues are also numerically presented in Table 3

Table 2
Fitted ligand field parameters (in cm�1) deduced from LFDFT (using the hybrid B3LYP
functional) and experimental values: D(fd), AOM parameters er and ep and the
Wybourne normalized crystal-field parameters Bk

q in terms of the bond length d (in Å)
between the Ce3+ ion and the chloride ligands.

Experimental Theoretical parameters

Absorption Emission

d – 2.7256 2.6698
D(fd) 36015.4a 36512.5 35927.7
er (f) 434.1b 405.0 393.3
ep (f) 169.7b 127.5 148.7
er (d) 11059.7b,c 11052.4 12894.8
ep (d) 3686.6b,c 3692.9 4306.3

B4
0 (f) 2208a 2013.8 1992.9

B6
0 (f) 250a 297.7 237.2

B4
0 (d) 38709a 38609.7 45064.5

a These parameters are taken from Ref. [4].
b Deduced AOM parameters from the Wybourne normalized crystal-field

parameters in Ref. [4] using the correlation factors given in Ref. [13].
c With the ratio er(d)/ep(d) = 3.

Table 3
Experimental versus calculated multiplet energy levels (in cm�1) referred to the lowest energy level at the B3LYP level of theory, corresponding to the absorption and emission
transitions of Ce3+-doped into the Cs2NaYCl6.

State Deg. a Exp. b Theoretical

Absorption Emission

2F 2A2u C7u 2 0 0.0 0.0
2T2u C8u 4 597 534.6 539.5

C7u 2 2167 2162.0 2162.8
2T1u C8u 4 2691 2628.7 2632.9

C6u 2 3085 3015.1 2997.4
2D 2T2g C8g 4 28,196 30355.2 28548.2

C7g 2 29435 31594.3 29780.3
2Eg C8g 4 47125 49237.2 50489.9

a Deg. stands for the degeneracy of the electronic states.
b These energy levels are calculated using the experimental parameter given in Table 2 with the spin–orbit coupling constants f4f = 624.1 cm�1 and f5d = 792.7 cm�1 and are

also displayed in Refs. [4] and [6].
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for the absorption and emission transitions together with the
experimental observation.

Our calculations for the 4f1 ? 4f05d1 transitions of Ce3+ ion
doped into Cs2NaYCl6 give the LFDFT methodology predicting more
accurately the optical properties of Ce3+ ion embedded in a crystal
host than other existing treatment. Hu et al. [6] have extracted the
crystal field parameters for lanthanide ions from non-empirical
calculations. Their work reports the doping of the Ce3+ ion into Cs2-
NaYCl6 like the present case using the DV-Xa method. The DV-Xa,
which stands for Discrete Variational Xa [30] is an all electron
molecular orbital calculation based on the Hartree–Fock–Slater
equation using the simple Xa expression for the exchange func-
tional. Although the results Hu et al. [6] have presented are in over-
all acceptable, the methodology fails to reproduce the D(fd)
parameter, as they obtain 13806 cm�1 [6] instead of the experi-
mentally observed energy, i.e. 36015 cm�1. The problem appears
in previous work, for instance the same methodology applied to
Ce3+ doped into CaF2 gave a D(fd) parameter of 54145 cm�1, while
the experimental one is 44929 cm�1 [6], or Gracia et al. [31] also
reports the calculation of the 4f1 ? 4f05d1 transitions of Ce3+ ion
doped into YAG using the same DV-Xa method, where they ob-
tained a D(fd) parameter of 33622 cm�1 [31] instead of the exper-
imental one of 36570 cm�1. A long list of similar investigations is
collected throughout the paper of Hu et al. [6] where they make
a comparative study between their results with earlier published
paper. The same trend is noticed, since the D(fd) parameter always
mismatches the experimental deduced value, finally forcing them
to use the experimentally fitted D(fd) parameter to calculate the
multiplet energy levels similar to those we presented in Table 3.
The ab initio wave function theory based calculations of Tanner
et al. [4], also accounts for the optical properties of Ce3+ ion doped
into Cs2NaYCl6. Aside measuring high quality emission/absorption
spectra of Ce3+ doped into Cs2NaYCl6, Tanner et al. [4] have calcu-
lated the corresponding optical properties in order to validate their
experimental observation. Their calculated multiplet energy levels

give a mean average deviation of 260 cm�1, which, in our opinion,
is not relatively significant while compared to the results we pres-
ent in Table 3. The deviations in the cited works results mainly
from the calculated energy of the C8u state originating from the
2T2u state, 831 cm�1 [4] instead of the 597 cm�1 experimentally ob-
served energy. Our LFDFT calculation slightly deviates from the
experimental observation especially for the energy level calculated
for the 2Eg (C8g) state in the emission transition (Table 3), which is
probably due to the slight difference between the geometries ob-
tained for the 2T2g and 2Eg terms (Table 2). The computational de-
tails might be extended in order to diminish this deviation,
considering that we ignored by computational setting (equal
smearing of electron population inside degenerate orbitals) the
implication of possible Jahn–Teller distortions. Having similar per-
formances with the Tanner et al. [4] approach, our DFT based ap-
proach is however simpler and more transparent as compared to
the rather complicated theorization and a time-consuming calcula-
tions presented in the mentioned works. This is a non-trivial meth-
odological advance, applicable to other systems of interest. At the
same time the presented numerical results and the extracted li-
gand field parameters are useful in the interpretation of the spec-
tral properties of Ce3+-doped compounds and the prospection in
applications related with the optical manifestations.

4. Conclusion

The reliable prediction of the 4fn ? 4fn-15d1 transitions in lan-
thanide ion-doped compounds offers a significant progress in
LED technologies. The calculation of the optical properties, before
the time-and-resource consuming synthesis of the corresponding
lanthanide compounds, is a desideratum helping in the prospective
prediction of warm-white light generator materials. The LFDFT ap-
proach applied in this Letter to the system Cs2NaYCl6:Ce3+ repre-
sents, due to its relation to ligand field theory, a transparent way

Figure 3. Schematic representation of the calculated multiplet energy levels for the absorption transitions of Ce3+-doped Cs2NaYCl6 corresponding to the 4f1 (in red) and
4f05d1 electron configurations (in blue) of the Ce3+ ion, considering successively the effect of H0, HLF and HSO defined in the Hamiltonian H (Eq. (1)). The energy of the spectral
term 2F in the presented model is taken as origin of the energy. The spectroscopic terms are highlighted. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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amongst the different available models to predict the optical tran-
sition energies.

In this work, the optical transition energies are calculated by
the treatment of the Ce3+ ion center in a perturbation approach,
involving one-electron interactions due to ligand field influence
and spin–orbit coupling effect. The representation of the Hamilto-
nian in terms of these interactions makes the general methodology
independent to symmetry constrain giving further insight into the
calculation of the Ce3+ ion even in a C1 ligand field instead of the
octahedral example given in this Letter. The LFDFT procedure re-
quires three steps where the most fundamental one, in which the
method itself takes its origin, is the representation of the open shell
4f- and 5d-electrons density in a totally symmetric reference. This
totally symmetric density is obtained in the AOC occupation
scheme of the molecular orbitals, whose the main characters pos-
sess the 4f- and 5d-orbital of the Ce3+ ion. This methodology has
shown once again to be a reliable DFT tool for the non-empirical
determination of the optical properties of lanthanide ion-doped
compounds.
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