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Abstract

It has always been a spectroscopist’s dream to correlate a material’s luminescent properties to its microscopic
structure, based on reliable structure-property relationships. Electronic structure methods are promising to achieve this
goal, yet they are especially challenging in the case of Eu-based materials which are known to feature an exceptionally

high density excited states, large spins and severe electron correlation. In this work, state-of-the-art
multiconfigurational ab initio embedded-cluster methods are applied to get a deeper insight into the luminescence
mechanisms of Eu?t and Eu®*-doped phosphors. Regardless of the difficulties, very accurate excitation energies are

achieved, reaching 68% prediction intervals of 300 cm

—1

, corresponding to an accuracy of 5-10 nm in the visible

wavelength range. Complete configurational coordinate curves are obtained, yielding breathing mode vibrational
frequencies and equilibrium bond lengths for all excited states. Moreover, electric dipole transition moments and
oscillator strengths are used to calculate absorption spectra. An excellent correspondence with experiment is found.
The ab initio calculations give an unprecedented detailed view on the Eu?t excited state landscape, allowing for an
improved understanding of its structure, including the origin of the so-called ’staircase structure’ and the role of ligand
covalency on the ligand field and exchange splittings. It is found that more covalent host compounds feature higher
exchange splittings due to an increased stabilization of high-spin states by the interaction with virtual LMCT states. It
is verified that the equilibrium Eu-ligand bond length contracts upon 4f-5d excitation towards the lowest 5d
submanifold and that the bond lengths are directly related to the configurational character of the electronic eigenstate.
Moreover, comparing ab initio with crystal field calculations proves that a decoupled model for the Eu?" excited states
is inadequate, making the use of an intermediate coupling scheme compulsory. With this approach, computational
design of luminescent materials is getting within reach.

1 Introduction

Europium is the most studied luminescent activator
among the lanthanide elements. It can adopt two pos-
sible oxidation states when it is incorporated in inor-
ganic crystals or coordination compounds, Eu3t and
Eu?T, having a 4f% and 47 ground state configuration
respectively. Both oxidation states are of huge rele-
vance for different lighting and display technologies™*/
as well as for storage phosphors or scintillators, e.g.
in medical imaging®*, Especially in fluorescent lamps,
Eu3T has a very rich history thanks to its saturated red
emission color, dominated by the ®Dy —7 F, emission
line that can invariably be found around 611-616 nm
and the presence of low-lying ligand-to-metal charge-
transfer (LMCT) states, allowing efficient excitation
with the mercury UV emission (254 nm).

For more modern applications, based on white light-
emitting diodes (LEDs), Eu?* gets into the picture
thanks to its low-lying 4f55d' configuration, enabling
efficient, while yet spectrally relatively narrow emis-
sion across the visible and near-infrared spectral range
upon excitation with blue or near-UV light2"9, The
energy difference between the 4f7 and 4f55d' con-
figurations is highly dependent on the chemical envi-

ronment of the Eu?t ion. Some coarse systematic is
known since a long time, e.g. that this energy differ-
ence scales roughly with the covalency of the chemical
bond™2 The empirical approach is exploited for in-
stance in color point tuning, i.e. provoking subtle color
changes upon small chemical substitutions of anions or
cations in the host compound®?, In contrast to their
simplicity and accessibility , these empirical structure-
property relations are however not sufficiently accu-
rate to design new functional materials where the re-
quirements are typically very strict, not only in terms
of emission color, but also in terms of thermal stabil-
ity of the luminescence properties’®. As an example,
the Rec. 2020 standard for a red-emitting phosphor for
display applications requires an emission maximum of
exactly 630 nm%. Deviations from this value should
be small, preferably less than 5 nm, otherwise overall
energy losses will strongly increase due to color filter-
ing. This deviation corresponds to a tolerance of only
250 cm ™! on computed excited state energies, which is
beyond the abilities of empirical modelsi®.

The important optical properties of europium derive
from its electronic structure, which creates a parti .cu-
larly complex manifold of excited states. These are
numerous, highly correlated, and dense sets of states



of different natures. It is then not surprising that dif-
ferent - often contradictory - analyses of experimen-
tal 4f7—4f65d spectra existl™2? and it is not clear
which model correctly grasps the nature of the elec-
tronic levels underlying the broad absorption or exci-
tation bands. Furthermore, emission bands are often
present in photoluminescence spectra that seem to be
related to the presence of Eu, but do not correspond to
the expected 4f7—4f7 or 4f65d' =4 f7 emissions2832,
Because no convincing systematic behavior is found in
terms of its occurrence or properties (such as lifetime,
thermal behavior, etc.), the origin of these so-called
anomalous emissions is typically not explained, or only
hypothesized, without valid experimental or theoreti-
cal justification. Also, there is a long-lasting question
about the mechanism causing the persistent lumines-
cence (afterglow) in many Eu-based phosphors, where
it is very difficult to probe the exact charge-carrier dy-
namics or the presence and role of intrinsic and ex-
trinsic crystal defects by existing experimental tech-
niques3332,

The importance and complexity of the excited states
of europium in solids justify the present demand for
accurate computational techniques that are able to ex-
plain and predict the luminescence properties of Eu
based phosphors. This requires the ability to perform
reliable calculations of not only the energies of excited
states of different types, but also of their structural
properties, i.e, of their configuration coordinate dia-
grams in general, and transition probabilities.

We show in this work that embedded cluster mul-
ticonfigurational ab initio methods give a detailed ac-
count of the complex excited states and spectra of Eu?*
and Eu3t in the ionic fluorides CaFj, SrF,, BaF,,
and in the more covalent sulfides CaS, SrS, and BaS.
Quantitative accuracies in the range of 300 cm™! are
achieved, opening the door for designing luminescent
materials based on ab initio calculations.

The development and tuning of the used methods
belong to the efforts that, apart from empirical rules,
have been made to offer computational techniques that
can describe excited states of europium. Previous ef-
forts have provided energies at fixed structures rather
than configuration coordinate diagrams. Besides, their
scope is limited to ligand-field states. On the empirical
side, crystal field theory is hard to apply to Eu?*t spec-
tra due to the large density of energy levels involved,
complicating the optimizations of parameters from ex-
perimental spectrat 222086539 - To avoid this, crystal
field parameters can be calculated within some theo-
retical framework, such as the exchange-charge model.
This has however not led to convincing results as the
4f—4f and 4 f —5d Coulomb integrals cannot be calcu-
lated in the latter model*? 2. On the first-principles
side, several methods have resulted in the calculation
of crystal field parameters?#6  For Eu?*, ligand-
field density functional theory (LFDFT) has been suc-
cessful in reproducing Eu?T spectra for various com-
pounds®248. Tn this approach, spin-restricted density
functional theory (DFT) Kohn-Sham orbitals are used,
with average of configuration (AOC) occupations, to

obtain crystal field parameters. These are subsequently

used for a conventional crystal field calculation”.,

This theory, besides being limited to the use of
ground state geometries, is focused on studying ligand-
field excited states that can be described by the
parametrization of the crystal field Hamiltonian, but
emissions and more complex phenomena such as charge
transfers or interactions of excited states with defects
are by definition out of its scope.

Multiconfiguratinal ab initio methods overcome
these difficulties and can study configuration coordi-
nate diagrams of ligand-field states*® but also states
of other nature, like ligand-to-metal charge trans-
fer,2 inter-valence charge transfer,® dopant-to-host
charge transfer,®! or compensator-to-dopant charge
transfer. 22

The multiconfigurational wave function methodol-
ogy captures very accurately the effect of electron cor-
relation, which is exceptionally strong for f elements.3
This, together with the use of state-of-the-art relativis-
tic Hamiltonians and quantum mechanical embedding
techniques that provide a reliable description of the in-
teractions between an optically active cluster and the
rest of the host,”* makes the calculations sufficiently
accurate to get a good qualitative and quantitative cor-
respondence with experiments.

This methodology has previously shown its value in
interpreting and understanding absorption and lumi-
nescence spectra of lanthanide ions with simpler (al-
though not simple) excited state manifolds, such as
Ce3+7 1:)103-5—7 Tb3+, Tm?2+ and Yh2+4sko4Ho8]

Also, some calculations of this type exist on 4f55d!
states of Eu?t in CaF5?? and SrAl,O4,%% which fo-
cused on the energies of the lowest states at fixed ex-
perimental or DFT optimized structures and omitted
the study of configuration coordinate diagrams and de-
tailed assignments and analyses of a large number of
states.

In this paper, the multiconfigurational ab initio
methodology is used to calculate the energies and wave
functions, in order to identify and to analyze a very
large manifold of excited states of Eu?* and Eu3t in
the Ca, Sr, and Ba series of ionic fluorides and cova-
lent sulfides. This includes i) the calculation of po-
tential energy surfaces, resulting in configuration co-
ordinate diagrams, bond lengths and breathing mode
vibrational frequencies and ii) the calculation of elec-
tric dipole transition moments and oscillator strengths,
resulting in spectral profiles from first principles. This
means that the methodology faces here its highest level
of complexity so far.

The paper is organized as follows: In Section [2] the
method and details of the calculations are summa-
rized. The results on the 4f7 and 4f55d' configura-
tions of Eu?* are shown and discussed in Section
with emphasis on their substructures, ligand field and
exchange splittings, excited state bond lengths, and
4f7T — 4f%5d' spectra; in this section, also the 4f°
configuration of Eu37 is discussed. Finally, conclusions
are given in Section [4]



2 Theoretical methods

The theoretical methods used in this work to study
the excited states of europium in fluoride and sulfide
crystals are well rooted in the ab initio quantum chem-
ical methodology. Most of them are expressed in terms
of complete (infinite) expansions that become feasible
by wise, educated, and systematic truncations. Hence
they lead to systematic accuracies. We comment next
on various truncations accepted in this work; some are
quite standard, others stem from the complexity of eu-
ropium. Details of the calculations are given in the
Electronic Supplementary Information.
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Figure 1 — Graphical representation of the simulated
system in the case of the alkaline earth fluorides and
how it is divided in the (EuFgM;2)** (M = Ca, Sr, Ba)
cluster which is treated at the highest level of theory
(right), a large shell represented by an embedding po-
tential which is composed of full-ion AIMPs located
at crystal lattice sites (middle) and a thick layer of
point charges that terminates the system (left). The
indicated distances pertain to CaF2 and are slightly
larger for SrFy and BaFs. A similar partition scheme
is used for the sulfides (see text). The interstices in
the [100] directions are denoted by Int and indicated
by black dots.

At low concentration, europium dopant ions form
point defects in the solids we study, creating local (non-
periodic) electronic states that provoke local distor-
tions. Hence the ab initio model potential embedded-
cluster approximation (AIMP)SY should be a good al-
ternative demanding that boundaries are set for the
Eu-containing defect cluster and for the infinite em-
bedding host. From left to right, Fig. [I] zooms in
a piece of crystal until the dopant is reached and
shows three regions where the methodological efforts
are dramatically increased, meaning that quantum-
mechanical rigor, hence expansions, cannot be sacri-
ficed. So, in the distant surrounding region (left) the
ions can be treated classically;%2 in the intermediate
region (middle) quantum-mechanical Pauli antisymme-
try related terms that correspond to ascribing single-
reference (Hartree-Fock-like) frozen wave functions to
the ions, are needed. Finally, in the point-defect clus-
ter (right), state-of-the-art molecular quantum chemi-
cal methodology must be used.

Europium is a genuine multivalent open-shell and
heavy element. Therefore, correlated methods6364
and spin-dependent Hamiltonians%68 must be used to
study its electronic structure. In the 90’s it was rec-
ognized that the multiconfigurational space needed to

tackle electron correlation is much larger than that nec-
essary to deal with spin-orbit coupling and, on these
grounds, two-step decoupling methods were proposed
to address electron correlation in a first step, with
a spin-free Hamiltonian, transporting the correlation
corrections to the energy spectrum onto a second-step
calculation over a smaller multiconfigurational space,
through an effective spin-orbit Hamiltonian with rea-
sonable approximations for other spin-dependent inter-
actions, 6768

But, in spite of the evident benefits of such two-
step decoupling, Eu poses a tremendous challenge: the
number of excited states is too large, reaching 10,
and they describe a dense spectrum with basically no
energy gaps, which suggests that a dangerous energy-
based criterion for truncation might be the only possi-
ble way towards feasibility. Yet, the two-step strategy
serves the purpose in different ways as we comment
next.

The total spin (S) remains a good quantum number
of the wave functions in the first-step calculations since
a spin-free Hamiltonian is used. This enables reason-
able spin-based truncations, supported by exploratory
calculations, revealing that states with lower than max-
imal spin occur at increasingly higher energies, this
meaning that their spin-orbit coupling effects will be
increasingly weaker. Hence, we applied the following
spin-based restrictions: only states with 25+1 > 6 for
Eu?tand 25 +1 > 5 for Eu®t were calculated in the
first-step. Therefore, only states with such spin multi-
plicities were coupled in the second-step spin-orbit cal-
culations. Analyses of the multiconfigurational wave
functions corroborate that the ground and many ex-
cited states of Eu can be labeled as 4f7 (Eu?t) and
4f% (Eut), where 4f is the main atomic character of
the clusters’ molecular natural orbitals. The 4f7 states
do not interact with others describable as single excita-
tions to higher 5d- or 6s-like shells, 4f65d' or 4f%6s!,
due to the inversion center of the Eu Oy, site symmetry
in the fluorite and sulfide hosts (MFy and MS, M =
Ca, Sr, Ba). Thanks to this high symmetry, we could
calculate all Op-adapted electronic states of the 4fV
(N=7,6) configurations (subject to the spin-based re-
strictions mentioned above) up to the final spin-orbit
second-step. However, the number of Eu?t gerade
states resulting from the 4 f% x5d and 4 f% x 6s couplings
is too large, even within the spin restrictions imposed.
So, the results of the 4% manifold of Eu?t were used
to establish a reasonable 4 f6-sub-shell-based trunca-
tion criterion. In particular, the energy gap above the
lowest Eut 4f¢ term 7F (cf. Table S9) suggested re-
stricting the number of roots to those resulting from
the following couplings: 4f¢("F) x 5d, 4f%("F) x 6s;
however, this does not preclude intercalation of states
of other configurations such as 4f6(°D) x 5d (cf. Sec-
tion. All we have just mentioned results in lim-
iting the number of roots to be calculated. We focus
next on truncations for the multiconfigurational expan-
sions. These are inherent in the used electron correla-
tion methods and determine directly the accuracy and
stability of the results.



The methods we use for electron correlation in the
first-step, with a spin-free Hamiltonian, start by cal-
culating a variational, multiconfigurational multistate
reference®369%2 ypon which second order perturbation
methods are applied. 07370 T the former calculations,
the definition of an active orbital set over which a com-
plete CI space is ideally built, is instrumental (CI, Con-
figuration Interaction). Typically, the open-shells and
some unoccupied orbitals ™™ are meaningful and are
used, such as those of dominant Eu 4f, 5d, 6s, and 5f
character, in this case. However, the complete active
space generated by these meaningful active orbitals is
too large and needs to be truncated. So, we performed
7- or 6-electron (for Eu?T or EuT) state-average re-
stricted active space self-consistent field calculations
(SA-RASSCF) where all occupations of the 4f shell
were allowed, whereas only single, double, triple, and
quadruple excitations from the 4 f to the 5d, 6s, and 5 f
shells were permitted, compatible with the total spin
and site symmetry of the Eu clusters. This trunca-
tion should be very close to the complete active space
limit. Analyses of the SA-RASSCF wave functions and
energy curves of the gerade excited states of Eu?t,
revealed the occurrence of expected impurity-states
ascribable to intraconfigurational excitations of Eu:
4f95de], 4f°5dt;,, and 4f%6s" configurations, but they
also showed the presence of more delocalized states,
so-called impurity-trapped-excitons (ITE) because the
excited electron density spreads close but beyond first
neighbors:®Y 4f%¢l... These ITE states (of a1, sym-
metry) were found in the studied energy range for the
fluoride hosts, while 4 f%6s! states were obtained in the
sulfides. States of different configurations show signif-
icant differences in bond lengths, as discussed in Sec-
tion [3.3.5] Here again, the very high density of states
of Eu poses further difficulties that (only) affect some
spin-sextet Eu?T excited states that lie high in energy,
in the middle of a continuum of other states. So, in-
teractions between some impurity and ITE spin-sextet
states resulted in deformations of their potential en-
ergy surfaces, including, in some cases, sharp avoided
crossings. As mentioned above, the SA-RASSCF states
obtained are allowed to interact in a larger space in the
so-called multistate second order perturbational cal-
culations (MS-RASPT2), which brings necessary dy-
namic correlation corrections after time-consuming and
resources-demanding MS-RASPT?2 calculations Even
though this multistate-reference method is prepared to
deal with avoided crossings, and it generally does, we
found irregular shapes in the potential energy surfaces
in the form of small spikes and/or bumps close to the
sharp avoided crossings of their parent SA-RASSCF
states. The irregularities are smoothed slightly when
the number of states allowed to interact was increased,
but they did not disappear. Therefore, we decided to
simply omit those spin-sextet states showing irregular
potential energy surfaces or lying above them in the
final second-step spin-orbit calculations. High energy
sextets were also omitted from the spin-orbit calcula-
tion for the BaS host due to difficulties in their assign-
ment to irreducible representations of the octahedral
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Figure 2 — Comparison of calculated (this work) and
experimental 22848 excited state energies of Eu?T
and Eu®" in fluorides and sulfides. The dashed line
represents perfect match between theory and exper-
iment; the solid black line corresponds to Eexp =
0.9Fa1c. See Table S15 for detailed data.

point group.

Detailed results can be found in the Electronic Sup-
plementary Information: spin-orbit-free results (SA-
RASSCF and MS-RASPT2) are presented in Tables
S1 to S6 and Figures S1 and S2, those of the final spin-
orbit calculations are given in Tables S9 to S14, Figure
S3 and below. The calculations of this work have been
done using the MOLCAS programs.®Y Relativistic ba-
sis sets from Refs. [82 and |83 have been used to expand
the molecular orbitals from the cluster.

From the comments in this section, pertaining to
all the different truncations assumed in this work, it
can be expected that the final spin-orbit results are
robust and reveal systematic errors, increasing with
energy, when confronted with direct experimental re-
sults. Accordingly, we compared theoretical and avail-
able experimental excited state energies (Fig.[2|and Ta-
ble S15) and found a systematic overestimation, which
is in consonance with the systematic methodological
truncations discussed above. The deviation increases
linearly with energy and suggests a 90% scaling of the
theoretical values: Feyp, ~ ES. = 0.9E:ac. In the
following, the results will be discussed based on these
scaled energies; the corresponding raw calculated data
are available in the Electronic Supplementary Informa-
tion.

Statistical analysis of the data shows a 68% predic-
tion interval of only 300 cm™! (40 meV). This is a
figure of merit for which the computational design of
luminescent materials for high-end applications, as de-
scribed above, comes in reach. The achieved precision
outperforms prevailing empirical rules based on inter-
and extrapolation of known experimental data, e.g. to
predict the 4f — 5d transition energy of a lanthanide
ion when this quantity is known for another ion in the
same host. Typical 68% prediction intervals for empir-
ical rules amount to 800-4000 cm ™! (100-500 meV)™2.



Table 1 — Spectroscopic constants of Eu?T-doped al-
kaline earth difluorides and sulfides. Experimental
values for the lowest 4f-5d transition have been ac-
curately determined from zero-phonon lines in CaFs
(Ref.[88), SrF2 (Ref.[85), CaS (Ref.[86), and SrS (Ref.
87)); they are estimated from band shapes in BaF (Ref.
]5) and BaS (Ref. 29), and are shown in italics. The
ligand field splitting parameter el is defined in Eq.
Exchange splitting parameters e-? n are given for fluo-

g

rides and €2?, for sulfides (Eq. . Energies are given

exch
in cm™! and distances in A.
CaFy SrFy,  BaF, CaS SrS BaS
Eu-F/Eu-S equilibrium distances
4f7(3S) 2.388 2470 2.558 2.876 2975  3.087
4f%5d'(1 Tgy) 2.373 2451 2535 2.849 2945  3.037
EuFgs/EuSg breathing mode vibrational frequencies
4f7(88) 423 370 321 286 273 203
4£05d1 (1 T'sy) 428 370 328 283 263 196
Energy differences
EjZ'l{d 23150 24145 25240 15580 17080 18320
efp 24215 24925 25636 15995 17191 18729
BT prd -1065  -780  -396  -415  -110  -410
e 18790 16220 14460 22370 20170 16070
ST 16480 14150 12670
S ellS 2310 2070 1790
o, Or €29 4360 4410 5210 7090 7090 7820

exch exch

3 Results and discussion

3.1 Eu?" excited states

The computed configuration coordinate diagrams of
the Eu?T active center in the six host crystals CaFs,
SrFy, BaFs, CaS, SrS, and BaS, are shown in Fig.
These are potential energy curves along the breath-
ing mode that include spin-orbit coupling effects (de-
tailed analyses of the spin-free results can be found in
the Electronic Supplementary Information). A sum-
mary of results is presented in Table We will use
them in the next sections, where we discuss the 4f7
and 4f%5d" manifolds of Eu?>* and the 4f% manifold of
Eu®t, as well as the systematic variations originating
from cation substitutions (from Ca to Sr to Ba) and by
altering the covalency of the chemical bonds and the
ligand coordination (from F to S).

3.2 The Eu?" 4f7 configuration

The 4f7 configuration yields the ground state of the
Eu?* ion, more specifically the 8S term, which is com-
posed of only one configuration where all seven f elec-
trons have their spin parallel. In Op symmetry, spin-
orbit coupling splits this level into a quartet, I's,, and
two Kramers doublets, I'g,, and I'7,,; however, the split-
ting of at most 0.2 em™! has no measurable influence
on optical and luminescence properties.

Eu-ligand equilibrium distances (cf. Table in-
crease for crystals with larger alkaline earth ions. Sul-
fides feature larger bond lengths than the fluorides, ir-
respective of their smaller coordination number (6 vs.
8). In all cases, the ground state bond length is slightly
smaller than the bond lengths for the higher-lying spin-
sextets: about 0.002 A and 0.006 A for the fluorides
and sulfides, respectively. Few experimental data exist

Table 2 — Average energies for the lowest terms of
the 4f7 manifold of Eu?t in CaFs and SrF.. Ex-
perimental values obtained by two-photon absorption

spectroscopy from Ref. 84l All values in cm™?.

CaFy:Eu?t SrFy:Eu?t BaFy:Eu?t

S Fep diff. . Fuap diff.  EX.  FEup diff
85 0 0 0 0 0 0 0
p 27726 27804 -78 27849 27901 -52 28057

2Tg, 27398 27558 -160 27519 27654 -135 27728 27727 1

2T7, 27408 27564 -156 27527 27658 -132 27734 27729 5

3Ts, 27743 27588 155 27866 27672 194 28075 27738 337
2T6, 27948 27959  -11 28075 28066 9 28285
4Ts, 27959 27999  -41 28085 28098 -14 28292
317, 27978 28100 28304
61 31631 31382 249 31767 31491 276 31981
D 34290 34474 -184 34435 34496 -61 34667
5G+5F 45249 45437 45693
g 50602 50790 51043

on the exact geometries and bond lengths of dopants
or defects, yet the Eu-F distance for CaFy:Eu?t was
found to be 2.413 A £0.027 A from extended X-ray ab-
sorption fine structure (EXAFS)? which agrees with
the calculated value of 2.388 A.

Overlapping with the dense 4f°5d! manifold (see
Sec. , excited terms of the 4f7 configuration can be
found at energies above 25000 cm ™! (Fig. [3| in black),
of which the 6P, I and 9D are the first in energy
(Tab . Unless in some exceptional cases, such as sul-
fates or ternary fluorides®, this part of the 4f7 mani-
fold cannot be straightforwardly studied from lumines-
cence spectroscopy due to the overlapping 4 f65d' man-
ifold®2. An exception is when so-called Fano antireso-
nances are present in the excitation spectrum, however
this is rarely observed?l. A more practical approach
to study higher excited states of the 47 configuration
is by two-photon absorption spectroscopy, a technique
where 4f —4f transitions are allowed?3%4, CaFy:Eu?*
and SrFy:Eu?t happen to be the earliest test cases for
this technique, proving the existence of higher-lying
4f7 levels in accordance to the iso-electronic Gd3+
ion®26  Later, Downer et al., carried out a meticu-
lous study on the same crystals, resulting in the accu-
rate determination of the levels of the 4f7 manifold of
Eu?*t in these compounds up to 35000 cm™®4, The
average term energies that were experimentally found
are compared with our ab initio results in Table[2] The
8G and SF terms around 45000 cm~! are almost de-
generate, making it impossible to separate them. Ta-
ble [2| also compares the energies of the individual lines
that originate from the 5P term with the computed
levels. From this analysis, it is clear that the multiplet
splittings due to the interaction with the chemical en-
vironment and spin-orbit coupling can be reproduced
by the calculation, showing deviations in the order of
100 ecm ™! with a maximum of 337 cm~*.

3.3 The Eu?" 4f55d' configuration

4fN=15d" configurations of lanthanide ions have in
general a very complicated structure due to the large
number of states (e.g. 30030 in Eu?*). They are
more difficult to study than 4fY configurations be-
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Figure 3 — Potential energy curves for the Eu?" impurity in the alkaline earth fluorides CaF2, SrFs and BaFs
and sulfides CaS, SrS and BaS. The black curves show the levels that correspond to the 4f7 configuration, while
colored curves originate from the excited 4 f6(5d, 68)1 configurations. Their color represents the spin-character of
the eigenstates, ranging from green for pure spin-octets to red for pure spin-sextets.

cause 4f — bd spectra feature relatively broad bands,
whereas 4f — 4f spectra show atomic-like sharp lines.
Parametrized (semi-)empirical approaches are hence
impossible or at best impractical to study the details
of these conﬁgurations. Yet, especially in the case
of the Eu?* ion, a good understanding of the 4f65d"
configuration is essential because many modern tech-
nologies rely on it.

It is empirically known that the onset of the Eu?*
465d" manifold with respect to the 4f7 ground state,
and hence the emission color of the Eu?* luminescence,
depends strongly on the chemical nature of the ligands.
Ligands that form ionic bonds, such as fluorides, typ-
ically give rise to a relatively high-lying 4 f%5d' mani-
fold corresponding to violet or near-UV emission. Lig-
ands that form more covalent bonds redshift the 4 f65d*
manifold, allowing a color tuning across the visible
spectral range. E.g. the binary sulfides CaS:Eu?* and

SrS:Eu?* give rise to a red and orange emission respec-
tively,8% which in turn illustrates that cations also play
a role. However, knowledge on systematic behavior of
Eu?* luminescence is only qualitative, which limits its
practical use. This is specially so when industry re-
quirements are very strictH2R8Ed

In this section we aim at providing a quantitative
understanding of the 4f%5d' configuration of Eu®*.
Fig. 3] shows the calculated potential energy surfaces
for the Eu?t 4f65d! states of the studied materials up
to around 50000 cm~'. The host effect on the 4f65d"
manifold onset is represented in Table [I] with the zero-
phonon line energies of the lowest 4 f65d! state: the cal-
culated EZ5/% and the experimental Eld. 1t is clear
that the calculated host effect is qualitatively as ex-
pected, i.e. a red shift from fluorides to sulfides, which
is attributed to the increase in the covalence of the
chemical bond™%, But it is also quantitatively correct,



with differences between the computed and experimen-
tal zero-phonon lines of the order of 1000 cm ™! or less,
which evidences the quality of the computed wave func-
tions and their ability to reproduce the host effects.

3.3.1 Impurity trapped excitons

Before the submanifolds of 4f65dt§g, 4f65de!1] and high-
or low-spin characters are discussed, the double-well
structure found in the higher energy ranges of the flu-
oride hosts is examined. Similar electronic structures
have been found before in other lanthanide and actinide
doped materials®* Y and they result from the inter-
action between levels with dominant 4f%5d' configu-
rational character and impurity-trapped-exciton levels
(ITE). The latter have a dominant 4f%¢irp configu-
rational character, where the molecular orbital ¢irg
describes an electron delocalized towards the nearby
interstitial sites of the fluorite structure, almost ion-
ized but trapped outside the EuFg moiety. This re-
sults in ITE potential energy curves having very small
Eu-F equilibrium distances as compared with regular
Eu?* states, only slightly larger than in Eu3t 4f¢
states. The interaction between 4 f65d"' and ITE states
of equal symmetry and the avoided crossing according
to the Wigner-Von Neumann rule explains the double
well.

3.3.2 Structure of the 4f55d' manifold

The structure of the Eu?T 4f%5d' manifold in the six
doped materials under study results from four crowded
submanifolds. The lowest two show clear configura-
tional and spin character whereas the highest two over-
lap and interact significantly. We will discuss this for
CaS for the sake of simplicity; similar descriptions hold
in the other hosts, with obvious 5dts,/5de, changes in
the fluorides.

In CaS:Eu®t, the lowest two submanifolds have a
common configurational character 4f°("F)5dts, and,
associated to it, common local structure parameters
(bond lengths and vibrational frequencies, see Sec-
tion [3.3.5)). These submanifolds are made of all states
resulting from the coupling between the well shielded
49 inner electronic shell in all its states derived from
the TF atomic term (strongly split by spin-orbit cou-
pling and weakly split by the crystal field) and the
outer 5dtay electron. The first submanifold includes
the states with high-spin coupling (HS, 25 + 1 = 8)
and the second the higher energy states with low-spin
coupling (LS, 25 + 1 = 6), shown respectively in green
and red in Fig.[3] The spin-orbit coupling between the
two submanifolds turns out to be very small.

The coupling between 4f%("F) and the ligand-field
excited 5deg electron leads, initially, to two similar sets
of separated HS and LS states that start at around
40000 cm~! above the ground state. But the internal
excitation within the 4% shell into 4f%(5D) is similar
in energy to the 5dta4-5de, ligand-field splitting and, as
a result, LS states of 4f°(°D)5dt}, character lie in the
same energy window than HS states of 4f6(7F)5de£1]

character, and their mixing is strong. All of this re-
sults in a third submanifold of states with strong HS-
LS mixing and strong 4/°(°D)5dt3,-4f°("F)5de;, con-
figurational mixing and, associated to the latter, more
complex bond lengths and vibrational frequencies (see
Section . The fourth submanifold has a more
clear LS character.

This discussion also holds for SrS. For BaS and the
fluorides, it holds as well, but the absence of high en-
ergy spin-sextets in the spin-orbit calculations (Sec.
prevents the spin and configurational mixing of the
third submanifold, hence the dominant green color in
their high energy curves. However, as we will see below,
the impact of these sextets in the absorption spectrum
is negligible.

According to the crowded submanifolds result-
ing from combining main spin and configurational
characters, namely HS and LS, 4f%("F)5de; and
4f9("F)5dth,, it is possible and convenient to intro-
duce a few experimentally meaningful parameters. We
will consider HS or LS states those whose spin-orbit
wave function shows >90% spin octet or sextet char-
acter, respectively.

3.3.3 Ligand field splitting

Let us first define a high-spin ligand field splitting
parameter EESS, as the positive energy difference be-
tween the averages of the equilibrium energies of the
HS 4f%("F)5de; and 4f°("F)5dt3, states:

NHS

€g
an = ﬁZE[uG(?F)Ml%,HgL
€9 =1

HS
tag
1

i O B[40 F)5d'ta, HS] | (1)

t2g =1

This parameter informs on the ligand field strength on
the 5d shell, but it should not be identified with tradi-
tional crystal field theory parameters like 10Dg, which
is the splitting of one-electron levels, nor is it a con-
figurational average parameter. Furthermore, we make
averages only on HS levels because they have nonzero
transition probability from the 4f” ground state (see
below). The computed values are given in Table
Experimentally, the ligand field splitting as defined
by Eq. |1l can be approximated by the difference of the
average values of both excitation bands. This is de-
noted as el}}:exp in Table This approach is very ap-
proximate because spectral shapes change as a function
of temperature or doping concentration, therefore the
empirical values are written in italic. Furthermore, this
approach is not applicable to the sulfides because of
low-lying excitations of the host compound (see below).
Comparing the experimental values with the computed
ligand field splittings, it is clear that a constant offset
of approximately 2000 cm ™! is found between experi-
mental and computed parameters. Regardless of this
offset, which is believed to be the cumulative effect



of systematic errors in the calculated energies and the
difficulty to empirically obtain this parameter, the sys-
tematic trend is correctly reproduced.

From the elfflss' values in Table |1} a drop can be ob-
served for increasing size of the alkaline earth cation,
hence with the Eu-ligand bond length, both in the di-
fluorides and the sulfides. This corresponds to the well-

known qualitative trend?0?. Quantitatively, effls drops

S
from CaFs to SrFs (14%) to BaF3(11%) and from CaS
to SrS (10%) to BaS (20%). It is lower in the difluorides
than in the sulfides, in spite of the shorter Eu-ligand
distances (16% lower in CaFs than in CaS, 20% lower
in SrFy than in SrS, and 10% lower in BaFs than in
BaS) which results from the balance of several factors:
Eu-ligand distance, coordination number, ligand oxi-
dation state, and bond covalency.

3.3.4 Exchange splitting

It is also interesting to define exchange splitting param-

eters .7, (for the fluorides) and eiffch (for the sulfides),

as the differences between the averages of the equilib-
rium energies of the LS and HS 4f%("F)5de, states,
and the LS and HS 4f%("F)5dt, states, respectively:

NLS
1 Yy
o = NIs Z E [4f5("F)5d"y,LS].
=1

NHS
1 vy

- WZE[4f6(7F)5d1%HS]Z_. (2)
7 i=1

with v = eg,tay. These parameters inform of the
strength of the 4f — bdey and 4f — 5dty, interactions.
Only states with high spin-purity (>90%) were used in
Eq The definition of €], relies on S being a good
(at least by approximation) quantum number. If this
condition is not fulfilled, e.g. for the higher subman-
ifolds of the 4f%5d" configuration of Eu?t, or in the
4fN=15d" configurations of heavier lanthanides such as
Tm?2*t58 or Yb2+43 this parameter loses its meaning.
The numerical values for Eu?t are shown in Table [l

The 4f — bd exchange splittings only slightly in-
crease upon enlarging the unit cell, but they experi-
ence a significant increase from the difluorides (around
4500 cm 1) to the sulfides (around 7500 cm ™). This is
opposite to the experimentally shown decrease of the
4f — 5d exchange splitting with the covalency of the
host in the 4f75d! configuration of Th3+ 103104

The opposite effect of increasing covalency on the
exchange splitting of Eu?T and Th37T, hence of 4f65d"
and 4f75d' configurations, can be understood by ana-
lyzing the role of virtual ligand-to-metal charge trans-
fer (LMCT) excitations or valence bond (VB) config-
urations, which are more important in more covalent
bonds. This mechanism is displayed in Fig. In ef-
fect, in Eu?t-doped sulfides for instance, S 3p — Eu4f
virtual excitations create LMCT configurations of the
type Eut (4f75d") x S™(3p®). In reality, the S-3p hole
will distribute among the ligands according to a molec-
ular orbital, hence the notation 4f75d' L is used to de-
note the virtual LMCT configuration, where L denotes

4ff5aL 1, H75d5T

-
Cexch

—— H5 | fucrides

=S sulfides

Figure 4 — Schematic representation of how config-
uration interaction (CI) with virtual ligand-to-metal
charge transfer (LMCT) states increases or decreases
the exchange splitting of the 4N ~15d" configurations
of Eu?T (N = 7) and Tb®" (N = 8) respectively. L/L
denote a ligand shell which is full/contains one hole.

the hole in a ligand molecular orbital. A state of the
4fN=154" configuration with total spin S will experi-
ence a stabilization from the virtual LMCT states with
the same total spin. States with different spins are
hence affected differently by the virtual LMCT config-
uration. This results in the exchange splitting being
effectively influenced by the location (related to the
covalency of the ligand) as well as the nature of the
LMCT states (which S values occur, related to N). In
the following, this effect is elaborated for Eu?t and
Th3+.

In case of Eu?t, the values of the total spin S of
the virtual LMCT states results from the coupling
Safrsar X Sp, which can take the values 4, 3 (lower
spins are not considered because their higher energy
and smaller interaction strength) and 1/2, respectively.
The coupling 4 x % produces S = %, %, and the coupling
3 x & produces S = I, 2. The splitting of the 4f75d' L
configuration according to S4f7541 and, subsequently,
S is shown in Fig.[dl The LMCT configuration results
in a larger number of S = I virtual excitations than

2
S = 3 ones, providing an extra stabilization to the HS

octetzstates (S = 7/2) with respect to the LS sextet
states (S = 5/2). The virtual LMCT configuration
occurs at lower energy for more covalent ligands, con-
sequently its effect on the LS-HS energy difference is
larger in sulfides than in fluorides. Eu?>* shows hence
a larger exchange splitting in sulfides then in fluorides.

In case of Th3t, the opposite trend is found. Here,
a 4f85d* L configuration is formed following a S 3p —
Tb4f virtual excitation. Spin coupling according to
Sapssqr X S leads to % X %, which produces S = 4, 3,
and % X %, which produces S = 3,2 (see Fig. . Then,
there is a larger number of S = 3 virtual excitations
than S = 4 ones, which results in an extra stabilization
of the LS (S = 3) states with respect to the HS (S = 4)
states and a corresponding lowering of the exchange
splitting. And this effect, of course, is larger for more
covalent ligands (see Fig. .



3.3.5 Excited state bond lengths

It is interesting to have a close look on how the bond
length changes across the manifold of excited states
and on the insight it provides on their nature. Equilib-
rium bond lengths and energies obtained by fitting a
third order polynomial to the potential energy curves
are displayed in Fig. [5| for CaS:Eu?* (see also Table
and Flectronic Supplementary Information for more
data).

It is observed that the levels of the lowest
4f55d" group, i.e. 4f5("F)5dts, in the sulfides and
4f5("F)5dey, in the fluorides, where the respective most
stable 5d molecular orbital shell is occupied, have a
shorter bond length than the 4f7 ground state. When
the levels have the most unstable 5d shell occupied,
their bond lengths are longer than in 4f7 ground state,
e.g. 4f5("F)5de} in sulfides and 4f°("F)5dt}, in fluo-
rides,

This result is in contrast with many intuitively con-
structed configurational coordinate models that can be
found in literature, where all levels of the Eu?t 4 f654"
manifold are almost invariably drawn at longer equi-
librium distances than 4f7 levels, inspired by the fact
that 5d orbitals have larger orbital radii than 4f or-
bitals and reach further. There is a misconception be-
hind this which lies in the implicit assumption that 4 f
electrons play an important role in the Eu-ligand bond,
hence determining the Eu-ligand bond length.

A detailed constrained space orbital variation
(CSOV) quantum chemical analysis*’? has shown that
the bond length between an f-element ion in a 4fV
configuration and ligands is realized by the interaction
between the 5p® shell and the ligand’s valence elec-
trons. When the ion is in a 4fV~15d configuration,
additional covalent interactions appear (mostly elec-
tron transfer from the ligand to the inner 4 f hole) that
shorten the bond length; the shortening is enhanced
by the 5d ligand field stabilization in 4fN~15d} .
configurations and opposed in 4fV _15d}11ighest config-
urations. The magnitudes of these effects result in a
systematic bond length trend: 4fN-15dL . < 4fN
< 4fN 715d}11ighest’ the differences being smaller than
those between 4f and 5d orbital radii.1%® This obser-
vation was found in Ce3*, Pr3*, Sm?*+, Th3+, Tm?t,
Yb3T, and Yb2* as dopants in ionic solids and regarded
as generally valid.?¥ Here we confirm the observation
for Eu?t in the difluorides, but also in the more cova-
lent sulfides.

The prediction of a bond length shortening upon the
lowest 4f — 5d excitation was shown to imply its red-
shift under pressure,%% which opened the door for its
indirect experimental validation. This effect was in
fact demonstrated by Valiente et al.2%7 in high-pressure
spectroscopic experiments on CsoNaLuClg:Ce?t. Mul-
tiple similar experiments are reported that show the
same effect in Eu?t-doped MF,108109 554 CaSHLO
hosts, hence supporting our findings.

Fig. |§| shows that a pure to, configurational charac-
ter for the 5d electron brings about a 0.029 A bond
length shortening with respect to the ground state in
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Figure 5 — Equilibrium bond lengths for all poten-
tial energy curves of CaS:Eu®". This graph indicates
the decrease (increase) in bond length for 4f°5dt3,
(4f65de}]) levels with respect to the 4f7 manifold. 4f°
levels are shown in black crosses. 4f%(5d,6s)" are
shown in colored crosses that depend on their 25 + 1
character at dru—s = 2.85 A: red(6)-yellow(mixed)-
green(8) (see also Fig. [3).

CaS:Eu®" and a pure e, character implies a 0.006 A
bond length elongation. However, above approxi-
mately 40000 cm~! the pure configurational charac-
ter is lost and the mixed to4-e, character (as well as
4f9("F)-4f5(°D) character) in the eigenstates is trans-
lated into intermediate bond lengths. It is clear that
the 5dta, or 5de, characters of the wave function de-
termine the excited state bond lengths and that the
knowledge of the bond length evolution, e.g. from high-
pressure spectroscopy, can be used to extract qualita-
tive information about the nature of the wave function.

3.4 Eu’' 4f7 — 4f55d"' spectra

Along with the calculation of the eigenenergies and
wave functions of the studied systems, probabilities for
electric dipole transitions are obtained in the form of
oscillator strengths(Tables S9 to S14). This enables a
direct calculation of absorption or excitation spectra
for the 4f7 — 4f65d" transitions which can be com-
pared to experimental results from luminescence and
UV-VIS spectroscopy. The computed spectra are dis-
played in Figs. [f] and [7] for the fluorides and sulfides re-

spectively, along with the available experimental spec-
t 1o/ 23128120185HBBITTTIT T2l

3.4.1 Spectral assignments

The computed and experimental spectra are very simi-
lar, both in terms of energy ranges as in terms of spec-
tral shape (Figs. [6|and[7). Two broad bands are found
in all cases. The first band originates from the spin-
allowed transitions from the 4f7(85) ground state to
the HS 4f°5d}. .. submanifold. The second band orig-
inates from excitations towards the configurationally
mixed third and fourth submanifolds. Regardless of
the configurational mixing, the good agreement with
experiment for the fluorides (where the contributions

of LS 4]”65d][1lighest was not accounted for, see Section
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Figure 6 — Top: computed 4f7 — 4f%5d* absorption spectrum for Eu®>" in the alkaline earth fluorides rendered
with broadening parameters of 5, 100 and 300 cm™' and scaled for improved visibility. Bottom: experimental
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Figure 7 — Top: computed 417 — 4f55d* absorption spectrum for Eu?T in the alkaline earth sulfides rendered with
broadening parameters of 5, 100 and 300 cm ™. Bottom: experimental excitation spectra for the same transitions
adapted from Refs. 687 (CaS), Refs. 23I87 (SrS) and Ref. (Bas$, here the anomalous emission was monitored).
The host absorption is also added (dashed lines) to distinct between intrinsic and Eu®T caused spectral features,
adapted from Ref. 112l The temperatures at which the experimental spectra were obtained are indicated.
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and Fig. [3) shows that the second band is dominated
by the HS contributions.

Excitation from the 4f7(89) ground state towards
the HS 4f%5d} .. submanifold is spin-forbidden,
yielding a gap between the two bands in the spectrum
that is larger than the gap in the associated energy
levels schemes (Fig. [3). Even though they are spec-
troscopically invisible, the presence of the LS levels are
important to understand the behavior of Eu?* based
luminescent materials. The LS levels provide an effi-
cient nonradiative relaxation channel, precluding any
radiative decay other than that from the lowest level
of the 4£%5d' manifold.

The gap between the LS 4f65dl . and HS
4 f65d1111ghest submanifolds becomes smaller when go-
ing from the Ca-compounds to the Sr-compounds and
almost disappears for the Ba-compounds (see Fig.
3). Therefore, spin-orbit interactions between both
submanifolds become larger and the amount of spin-
mixing is increased, with an average HS content rang-
ing from 0.5% for CaFy to 2% for BaS for the LS
4f55d] .. submanifold. This leads to so-called spin-
enabled transitions towards these states, which feature
a small but observable transition intensity (see Fig.
|§| and @ Similar spin-enabled transitions were as-
signed by Suta and Wickleder®” for an extraordinarily
well-resolved low-temperature absorption spectrum of
SrCly:Eu?t single crystals by Karbowiak and Rudow-
icz7,

Interpretation of the spectra of the Eu?* doped sul-
fides poses an additional difficulty with respect to the
fluorides. Due to their small band gaps, the sulfide
hosts already absorb at energies where absorption or
photoluminescence spectra are typically measured (see
dashed lines in Fig. . As a result, the second band in
the experimental absorption and excitation spectra of
the Eu?t-doped sulfides is to be regarded as the added
effect of Eu-centered and host-related excitations.

3.4.2 Origin of the fine structure

When measured at room temperature, Eu?* absorp-
tion or excitation spectra look broad and feature-
less. Only when sufficiently cooled, some fine struc-
ture might be resolved. This effect is simulated in the
calculated spectra by using a variable widening fac-
tor in Fig. [6] and Experimentally, a well-resolved
fine structure is found for the fluorides, while this is
much less the case for the sulfides (e.g. the excitation
spectra of CaFy and CaS were both measured at 10
K). This can be attributed to the larger difference be-
tween the equilibrium bond lengths, dg,—x (4f°5d) —
dpu-x.c(4f7(2S)), in case of the sulfides (e.g. 0.027 A
for CaS:Eu?*), compared to the fluorides (e.g. 0.010
A for CaFy:Eut).

The electronic origin of this fine structure has been
the topic of a long-standing debate in literature, which
has been largely confined to empirical and crystal-field
theoretical approaches ™28, We address now the origin
of the fine structure with the help of crystal field the-
ory calculations performed (with an in-house written

11

Python code™3) at the light of the ab initio electronic
structure summarized in Fig.

It is common to explain the fine structure in the
lowest part of the Eu?t excitation or absorption spec-
tra with the decoupled scheme, a model described by
Freiser, Methfess and Holtzberg in 1968.17 According
to it, in the first place, the lowest 4f5d' states can be
obtained from the multiplets of the 4f5(7F) core, rem-
iniscent of the lowest 5000 cm~! of the Dieke diagram
for Eu®t, and the lowest crystal-field level of the single
5d electron, which acquires a well-defined t5, charac-
ter in the sulfides (e, in the difluorides; for simplicity,
the discussion is continued for sulfides). This point of
view is supported by the multiconfigurational ab ini-
tio calculations, as we discussed in Sec. In the
second place, the decoupled scheme assumes that the
coupling between the 4f%("F) core and the 5dty, elec-
tron is of a mean-field type, i.e. that it does not lead to
relevant splittings. Then, since the spin-orbit coupling
is very small in the 5dta4 shell but strong within the
4f9("F) core, and the 4f electrons are shielded from
ligand field effects, the fine structure is entirely due
to the 4f%("F) internal spin-orbit coupling, i.e. the
well-known 7 F;_o_g seven multiplets of Eu®t (see left
panel of Fig. .

The decoupled scheme is wusually justified by
the occurrence of a so-called staircase structure
that can be resolved in certain low temperature
Eu?tspectral 202235200 anq the seven most promi-
nent maxima in the absorption or excitation spectra
are labeled as J = 0 — 6. However, as we discussed
above, the staircase is also found in the ab initio cal-
culations, although the couplings between the 4 f6(7F)
core and the 5dta, electron are included and nothing
indicates that they are small.

In order to investigate the strength of the 4f6(7F) x
5dtyg coupling, hence the validity of the decoupled
scheme, the Coulomb interaction between the 4f and
5d electron can be taken into account on crystal field
theory level by tuning the value of the Slater-Condon
integrals F*(4f,5d) (k = 2,4) and G*(4f,5d) (k =
1,3,5). This was firstly done by Yanase and Kasuya in
1970 in order to study the optical and magnetic proper-
ties of EuFy and subsequently studied in a more general
approach by Weakliem in 1972 on a set of 4f%("F)5de,
levels1819 Here, we perform a similar simulation on
the entire 4f6("F)5d* manifold and compare it to our
ab initio excited state landscape. Fig. [§ shows how
the eigenvalues of an intermediate coupling calcula-
tion for the 4f("F)5d' manifold evolve with the cou-
pling parameter G'(4f,5d)/Csf, from the decoupled
scheme, where the states are labeled as 4f%("Fy)5d~y!
(J = 0-6, v = tog, eq), towards the other limiting case,
where only the term splitting due to f —d Coulomb in-
teraction and 5d crystal field are accounted for (right
panel). Qualitative inspection of this diagram shows
that a decoupled scheme can never give a good rep-
resentation of reality because it shows no overall ex-
change splitting, which is clearly present in the ab ini-
tio excited state landscapes (Fig.[3). The total angular
momentum of the 4f% subshell, .J, is hence not a good
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Figure 8 — Crystal field calculation for the low energy
part of the 4f°5d" configuration in an octahedral field,
obtained in the 490 dimensional |4f°("F)5d') basis.
The transition from the decoupled scheme (including
only 4f spin-orbit coupling as additional interaction)
to a scheme with only the 4f — 5d Coulomb interac-
tion is shown. The colors of the curves represent the
spin-characters of the eigenstates, ranging from green
for pure spin-octets to red for pure spin-sextets. The
shaded area indicates the energy range where configu-
rational mixing can be expected (see §3.3). The verti-
cal bands, denoted by ’F’ and ’S’, denote the parame-
ter ratio where the crystal field calculation resembles
best to the ab initio calculations for the fluorides and
sulfides, respectively.

quantum number, not even approximately in cases of
alkaline earth fluorides or sulfides. The 4f — 5d cou-
pling strengths, as measured with the G*(4f,5d)/Cas
ratios, that give the best qualitative correspondence
to the electronic structure of the Eu?t doped fluorides
and sulfides are indicated in Fig. [§].

Rarely, the electronic structure of the 4f55d' con-
figuration is even more simplified by accounting solely
the 5d crystal field splitting, leading to a maximum of
five levels for the lowest symmetries®®. It is then ar-
gued that the remaining splittings are negligible with
respect to the 5d crystal field splitting and lead at most
to a broadening of the spectral features. The above
analysis shows however that this is a too severe sim-
plification, overlooking the strong term- and multiplet
splitting of the 4 f% subshell, the 4f-5d coupling and the
configurational mixing of the 5d wavefunctions.

In summary, the simplified models have been and are
still very useful to aid the qualitative interpretation of
Eu’t spectra, even though they fall short for quanti-
tative analysis. If information beyond the low-energy
tail of the 47 — 4f%5d" absorption or excitation spec-
tra is however required, also the qualitative similarity
to reality will cease. From the experimental point of
view, the limited window where these approximations
are reasonable, together with the extremely high den-
sity of energy levels prohibits the reliable determina-
tion of radial integrals such as crystal field parameters,
Slater-Condon integrals or spin-orbit constants. Here,
ab initio calculations are compulsory.

3.5 The Eu®" 4f° configuration

Trivalent europium, Eu®t, is a lanthanide ion with a
rich history in scientific and technological applications.
It features a characteristic red or orange emission, un-
derlying its successful application in fluorescent light-
ing™. Furthermore, the low J-values of the multi-
plets that take part in the luminescent transitions make
this ion suited as a symmetry probe™5 9 Notwith-
standing the successes of Eu3™, a satisfying analysis of
its spectrum is not always possible, due to too small
crystal field splittings, which is especially troublesome
in case of high coordination numbers, low transition
strength, or the need for polarized spectra to distin-
guish between different point symmetries. In the last
case, single crystals are required, which are in prac-
tice not always accessible. These shortcomings indicate
that the empirical approach would serve well with the
support of ab initio calculations.

Here, the spin-septet and spin-quintet states of Eu3™
were calculated upon doping it into the alkaline fluo-
rides and sulfides. As an example, the resulting curves
after spin-orbit splitting for CaF5:Eu3t are shown in
Fig. @ In all cases, the Eu?* ion is substituted on a di-
valent alkaline earth site, requiring the compensation of
a singly positive charge. In these calculations, it is as-
sumed that the compensation is non-local, maintaining
the high Oy, symmetry. Magnetic resonance studies on
CaF,, doped with Eu3* or other trivalent lanthanides
showed that this situation can be achieved by a rapid
quenching of the crystal during the high-temperature
synthesis™0123 Tn the sulfides, Eu®* is more easily
reduced to Eu?* and Eu3* typically occurs along with
Eu?*, or not at all. Magnetic resonance studies on
Ce3t in the sulfides showed that approximately half of
the ions are in a high-symmetry site (Oy), while the
others show a lower site symmetry due to local charge
compensation.

Fig. [9 illustrates that the well-known structure of
the 4% configuration is well-reproduced, showing the
SF; (J =0,...,6) multiplets at low energy, followed
by a gap of approximately 12000 cm ™' after which the
well-separated °Dy, ®Dy, °Dy and °Ds multiplets are
found. In this low-energy region J-mixing is limited,
justifying the use of the atomic quantum number L,
S and J. At higher energies, a dense set of levels is
found, originating from °Dy, °L, ®G and higher-excited
terms. In this region, J-mixing is considerable, and
the double group irrep labels are the only valid labels.
Even though some gaps of 1000 cm ™! or more are found
in the excited state landscape, no multiplet label can
be attached to any set of levels (see also Electronic
Supplementary Information). As an insight into the
spin-free result, the term splitting is also displayed in
Fig.[9

In case of CaFs, a detailed account of the energy lev-
els of cubic Eu?t impurities was provided by Gastev
et alB9 elegantly exploiting the difference in lifetime
of the ®Dy and ®°D; emitting levels to separate both
emissions, enabling a comparison between the calcu-
lated and experimental energies (see Table S15).
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Figure 9 — Potential energy curves for the 4f°¢ con-
figuration of the Eu®" impurity in CaFs. (a) Result
upon inclusion of spin-orbit coupling. (b) Resulting
minimum energies of the spin-free calculation, colored
according to their dominant 25! [, character (see Fig.
S2 for the corresponding curves).

It is clear that, provided that the same scaling of
computed energies, by 90%, is applied, a satisfying cor-
respondence between the experimental and computed
levels is found, with deviations of the order of 100 cm ™!
(see also red triangles in Fig. [2)).

Table B summarizes the main results for the Eu?t
calculations in the different hosts, where the energies
were averaged over the Stark components of the “Fy_g
and %Dg_5 multiplets. It is confirmed that these ener-
gies are insensitive to the chemical environment. Yet,
an increase of 50-100 cm™! of the ®Dy level is found
when going from the Ca to the Sr and Ba compounds,
and a depression of the same order of magnitude is
found when going from fluorides to sulfides. Trans-
lated to wavelengths, this corresponds to a shift of at
most a few nanometers. Low temperatures and accu-
rately (wavelength) calibrated detectors are hence in-
dispensable to acquire spectroscopic data on the 4f6
configuration.

Systematic studies of Eu3t spectra are often re-
stricted to the energy of the ” Fy-° Dy line which changes
over maximally a few 100 cm™' between different
hosts TIBI26HI29  Ttg intensity is especially sensitive to
the site symmetry and vanishes when the Eu** occu-
pies an inversion center™9. In that regard, the differ-
ences in calculated 7 Fy-° Dy energies along the series of
Ca-Sr-Ba-compounds and F-S ligands (see Tab. [3) are
significant. Three effects play a role: the difference in
Eu-ligand bond length along the series Ca-Sr-Ba causes
a blueshift, while the decrease in coordination number
and the increased nephelauxetic effect when going from
fluorides to sulfides cause a redshift.

Interestingly, the equilibrium Eu-X (X=F,S) dis-
tance difference between Eu?* and Eu®*, Ad.(Eu) in-
creases when going from the Ca to the Ba compound,

13

Table 3 — Computed equilibrium Eu-F and Eu-S dis-
tances (in A), ground state breathing mode vibrational
frequencies (in cmfl), and average scaled energies for
the lowest multiplets (in cm™") of Eu®** in MF, and
MS (M = Ca, Sr, Ba). X =F, S.

CaFy SrFy  BaF, CaS SrS BaS

dgu-x,. 2261 2313 2363 2.729 2.800 2.829

Ve 495 445 402 307 286 248
4f6 (7FJ)

J=0 0 0 0 0 0 0

1 311 323 327 335 336 338

2 940 949 954 957 961 963

3 1877 1850 1844 1831 1826 1825

4 2887 2849 2836 2803 2797 2796

5 3978 3932 3909 3839 3839 3839

6 5120 5068 5047 4991 4980 4976
4f°(°Dy)

J=0 18021 18025 18075 17904 17976 18007

1 18745 18752 18804 18629 18703 18735

2 20255 20266 20322 20140 20219 20252

3 22646 22668 22732 22544 22626 22663

0.13, 0.16 and 0.20 A for MF,, while being 0.15, 0.18
and 0.26 A for MS (M = Ca, Sr, Ba). This parame-
ter is of major importance to appreciate the effect of
charge-transfer states on the Eu-induced luminescence.
It was shown that the larger Ad.(Eu) for BaFs is di-
rectly responsible for the complete quenching of the
Eu?t 46541 — 4f5 emission by intervalence charge
transfer , while this is not the case in CaFy or SrF,130,

The above numbers also indicate that Ad.(Eu) is
larger for the sulfides than for the fluorides. The rea-
son is that the sulfides are more elastic than the fluo-
rides, and undergo a larger ”strain”, characterized by
Ad.(Eu) upon the changing chemical ”stress”, as quan-
tified by the bulk moduli®31132,

4 Conclusions

Multiconfigurational ab initio embedded cluster calcu-
lations have been performed on the energies and wave
functions of the crowded 4f7 and 4f%5d' manifolds of
Eu?t and the 4% manifold of Eu®t doped into two
types of chemically different host crystals, the alkaline
earth difluorides MF5 and the more covalent alkaline
earth sulfides MS (M = Ca, Sr, Ba). Handling the
numerous, highly correlated and dense sets of excited
states made the theoretical methodology face its high-
est level of complexity so far. The excited states have
been identified and analyzed, and their configuration
coordinate diagrams calculated, which allowed to ex-
tract excited state bond lengths and breathing mode
vibrational frequencies. This, together with the calcu-
lation of electric dipole transition moments and oscilla-
tor strengths, allowed for the production of theoretical
4f — 5d spectral profiles directly comparable with ex-
periments. The agreement is excellent.

All computed quantities were compared to experi-
mental data when available. The calculated energy
level locations show a systematic overestimation of



10% due to the used approximations and truncations
that keep the calculation manageable. After correction
for this systematic error, a quantitative agreement is
found between computed and spectroscopically deter-
mined level locations with a 68% prediction interval of
300 cm 1.

Calculated Eu-F and Eu-S equilibrium distances for
ground and excited states indicate that the lowest
4f — 5d excitation (4f — bdey in difluorides and
4f — bdty, in sulfides) leads to a compression of the
coordination polyhedron of Eu?*, which explains the
red shift of these transitions under high-pressure. Exci-
tation to the highest 5d shell (5dty, in difluorides, 5deg
in sulfides) leads to an expansion, but this holds for a
limited number of states only, because at the energies
of these excitations severe configurational mixing exists
that leads to intermediate bond lengths.

The 4f — 5d exchange splittings in the 4f55d' con-
figurations of Eu?* was found to be 150% larger in the
sulfides than in the difluorides. This behavior, which
is opposite to the 4f75d" configurations of Th3*, was
explained on the basis of covalency, which enhances the
role of ligand-to-4 f virtual excitations, which over sta-
bilize high-spin states in Eu?*T and low-spin states in
Th3+.

The fine structure of the 4f — 5d absorption and ex-
citation spectra, the so-called staircase structure, was
well reproduced in the ab initio calculations. A detailed
investigation of the strength of the 4f°("F) x 5dta,
coupling in sulfides via crystal-field-theory calculations
revealed that the popular “decoupled scheme”, which
attributes the fine structure to the J = 0 — 6 levels of
the 4f6("F;) subshell, is not justified. An intermediate
coupling is compulsory and it is the interplay between
the spin-orbit coupling within the 4f6(7F;) subshell
and the 4f — 5d exchange splitting, i.e. the splitting
into a high-spin and low-spin part, what dominates the
fine structures of the 4f%("F)5dty, and 4f°("F)5de)
sets.

Overall, these multiconfigurational ab initio calcula-
tions offer a detailed view on the excited state land-
scape of Eu-doped solids which underlies their opti-
cal and luminescence properties. The ability to get
an accurate description of very different host crystals
opens new doors to use this approach to help designing
new functional materials for technological applications
where requirements are very restrictive and to answer
fundamental questions related to Eu-doped phosphors.
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