
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
12

/2
02

5 
7:

12
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Elucidating ultra
aDepartment of Chemistry and Biochemistr

California, 90095, USA. E-mail: jcaram@ch
bDepartment of Physics and Astronomy,

California, 90095, USA
cDepartment of Materials Science and En

Angeles, California, 90095, USA

† Electronic supplementary informa
https://doi.org/10.1039/d4sc02944e

Cite this: Chem. Sci., 2024, 15, 12451

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th May 2024
Accepted 30th June 2024

DOI: 10.1039/d4sc02944e

rsc.li/chemical-science

© 2024 The Author(s). Published by
narrow 2F7/2 to 2F5/2 absorption in
ytterbium(III) complexes†

Barry Y. Li, a Claire E. Dickerson,a Ashley J. Shin,a Changling Zhao,b Yi Shen,a

Yongjia He,a Paula L. Diaconescu, a Anastassia N. Alexandrova ac

and Justin R. Caram *a

Achieving ultranarrow absorption linewidths in the condensed phase enables optical state preparation of

specific non-thermal states, a prerequisite for quantum-enabled technologies. The 4f orbitals of

lanthanide(III) complexes are often referred to as “atom-like,” reflecting their isolated nature, and are

promising substrates for the optical preparation of specific quantum states. To better understand the

photophysical properties of 4f states and assess their potential for quantum applications, theoretical

building blocks are required for rapid screening. In this study, an atomic-level perturbative calculation

(i.e., spin–orbit crystal field, SOCF) is applied to various Yb(III) complexes to investigate their linear

absorption and emission through a fitting mechanism of their experimentally determined transition

energies and oscillator strengths. In particular, the optical properties of (thiolfan)YbCl(THF) (thiolfan =

1,10-bis(2,4-di-tert-butyl-6-thiomethylenephenoxy)ferrocene), a recently reported complex with an

ultranarrow optical linewidth, are computed and compared to those of other Yb(III) compounds. Through

a transition energy sampling study, major contributors to the optical linewidth are identified. We observe

particularly isolated f–f transitions and narrow linewidths, which we attribute to two distinct factors.

Firstly, the ultra-high atomic similarity of the orbitals involved in the optical transition, along with the

presence of an anisotropic crystal field, collectively contribute to the observed narrow transitions.

Secondly, we note highly correlated excited-ground energy fluctuations that serve to greatly suppress

inhomogeneous line-broadening. This article illustrates how SOCF can be used as a low-cost method to

probe the influence of crystal field environment on the optical properties of Yb(III) complexes to assist

the development of novel lanthanide series quantum materials.
Introduction

There has been considerable recent work on synthetic “color”
centers, crystals with embedded transition metals or lantha-
nides that can be analogized to the anionic nitrogen-vacancy
center in diamond.1,2 These centers can have their spin char-
acteristics manipulated and read out optically via modulated
uorescence, allowing for potential applications as chemically
tunable molecular quantum sensors or qubits.1–5 Another
avenue for quantum sensors involves both preparation and
readout through the controlled optical absorption/refractive
index of dense media, where polarized light is used to prepare
atoms and molecules into specic quantum states, and external
y, University of California, Los Angeles,

em.ucla.edu

University of California, Los Angeles,

gineering, University of California, Los

tion (ESI) available. See DOI:

the Royal Society of Chemistry
elds induce perturbations in the transmission of a narrow-
band laser probe.6 This paradigm, developed for atomic vapor
cells, allows for extraordinary sensitivity for magnetometry with
the tradeoff of requiring long sensor-sample distances and
limited substrates.7,8 If one could combine dense absorption-
based quantum sensing with tunable chemically designed
color centers, it would open up intriguing new opportunities for
qubit and quantum sensing technology in liquids and molec-
ular solid hosts. In general, whether a material is used as
a quantum sensor or a qubit, a very narrow optical linewidth
aids in state preparation and readout.9

In this manuscript, we explore how tomodulate the narrow f-
orbital-centered absorption properties of lanthanide
complexes. The frontier orbitals of lanthanide(III) complexes
consist of the valence electrons in the 4f manifold and are
highly protected from their local environment. As such, even in
the condensed phase, their optical transitions are oen referred
to as “atom-like”.10,11 Contrary to transition metal complexes,
lanthanide-centered electronic transitions arise from strong
spin–orbit splitting between f-electron congurations in excess
of 1 eV. This large splitting is then weakly perturbed by crystal
Chem. Sci., 2024, 15, 12451–12458 | 12451
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eld splitting (∼10–200 meV), reecting the protected orbitals
in the lanthanide series.10,12,13 We focus on Yb(III) complexes due
to the considerable spectroscopic data and relative simplicity of
the 4f13 conguration space. While the current study focuses on
Yb(III) complexes, the approaches presented here have the
potential to be generalized across the lanthanide series, offering
insight into the design and optimization of new coordination
environments for quantum-enabled technologies.

We implement a spin–orbit crystal eld (SOCF) atomic-level
calculation as a tting mechanism to capture the spectral
positions and relative and absolute oscillator strengths of
several Yb(III) complexes: (thiolfan)YbCl(THF) (thiolfan = 1,10-
bis(2,4-di-tert-butyl-6-thiomethylenephenoxy)ferrocene), THF =

tetrahydrofuran), Yb(trensal) (H3trensal = 2,20,200-tris(salicyli-
deneimino)triethylamine), K3[Yb(BINOL)3] (BINOL = 1,10-bis(2-
naphthol), and YbCp3 (Cp = cyclopentadienyl).9,14–16 We use
SOCF to describe the f–f transition energies and combine Judd–
Ofelt theory, which describes how 4f and 5d orbitals mix upon
ligand perturbation, with the magnetic dipole computations to
compute total oscillator strengths. Using the orbitals dened in
the SOCF tting procedure, we also develop an “atomic simi-
larity” metric that describes how well each state is described by
specic spin–orbit “atomic” orbitals. We nd, through a series
of SOCF calculations and comparison to experimental data, that
crystal eld anisotropy is an important parameter for achieving
the atomic similarity of states that are responsible for optical
transitions. We hypothesize that a high atomic similarity
Fig. 1 (a) General spectral calculation/fitting scheme with the spin–orb
diagonalizing the spin–orbit Hamiltonian, as well as the spin–orbit crysta
5d orbitals is plotted to illustrate the scheme of the Judd–Ofelt treatmen
procedure, the effective point charges referenced to the fixed Yb(III) ato
oscillator strengths are matched to experiment.

12452 | Chem. Sci., 2024, 15, 12451–12458
should enhance spin-preserved optical transitions when using
circularly polarized light. Finally, due to the low-cost of the
SOCF procedure, the f–f transition can be studied through
charge uctuation sampling, where statistical and correlation
analysis can be performed on the energy gaps to reveal the
sources of the optical linewidth broadening in complex envi-
ronments. We nd that the high atomic similarity of the
orbitals involved in the transition, along with the strongly
correlated uctuations in the ground and excited states, both
contribute to the observed narrow absorption linewidths. We
propose that the design of correlated uctuation systems may
provide a path toward preserving quantum coherence in
lanthanide complexes.

Method summary

In the SOCF framework, the absorption and emission spectral
transition energies and oscillator strengths are uniquely deter-
mined by the position and charge of the proximate ligand shell
relative to the orientation of the f-orbitals.13 We illustrate our
computational approach in Fig. 1a. We start by supplying the
initial charges and their positions: positions are based on
structure determination (via X-ray diffraction, for example), and
the point charges are assigned based on electronegativity
associated with each atom at the inner coordination sphere
relative to the Yb center.17 If higher level computation such as ab
initio multireference methodology with spin–orbit coupling is
it crystal field (SOCF) perturbative treatment. (b) Schematic results by
l field (SOCF) Hamiltonian, one of the higher-in-energy opposite-parity
t of 5d admixing. (c) A schematic plot showing the rigid-bond rotation
mic orbital coordinates are until the calculated transition energies and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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available and affordable, then a charge localization scheme
such as LoProp, Hirshfeld, Bader, or NPA can be used to dene
point charges, removing a t parameter.18–21 We then provide an
initial estimate of the 5d/4f energy gap of 2.05 eV based on the
experimentally measured d–f emission spectrum for Yb doped
Ca2Si5N8.22 These initial guesses will be utilized in the SOCF
machinery to derive the crystal eld parameters and the 5d-
admixed eigenstates (Fig. 1b). Subsequently, the theoretical
transition energies and oscillator strength can be obtained and
compared with experimentally measured values. To t the
experimental data, we then adjust the 5d/4f gap and apply
a rigid-body rotation to all the charges, as illustrated in Fig. 1c,
until the percent error between the calculation and experiment
is minimized. We t the Hessian (obtained based on energy
change and the rotational angle parameters) to provide a metric
that quanties how the error changes as we rotate the f-orbitals
relative to the crystal eld as well as studying the sensitivity of
these rotations and their inuence on the overall spectral
ttings. We detail each computational step with results in
Sections 1–4, ESI (ESI, in Section 1),† we discuss spin–orbit and
crystal eld effects acting on 4f orbitals. Section 2 explores the
calculation of magnetic dipole transition oscillator strength.
Section 3 focuses on the Judd–Ofelt treatment, specically
addressing 5d mixing and electric dipole transitions. In Section
4, we detail the 3-stage tting mechanism involving rigid-bond
rotation and charge samplings. Based on the tted results, we
can then analyze the anisotropy of the crystal eld in relation to
Fig. 2 (a) SOCF calculated dipole-allowed absorption energies with co
Yb(trensal) at 300 K are plotted against their experimental spectra.9,14–16,

crystal field states. (b) Fine rotational fitting for (thiolfan)YbCl(THF); left: he
map of the M1 (magnetic dipole coupling oscillator strength) value. The
occurs. (c-i) Calculated spectra (oscillator strengths broadened correspo
the experimentally measured values. (ii) Calculated 4f manifold energy lev
and red arrows are 2 emissions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the 4f orbitals and the properties of the resulting eigenstates as
well as further deduce how charge uctuations inuence the
spectral linewidth. The application of the SOCFmethod to other
lanthanide complexes, beyond the current one-electron hole
congurations, would require extensive computational
resources; as each lanthanide has a distinct electronic structure,
future work could involve integrating articial intelligence and
machine learning techniques into the feedback loop to expand
the applicability of the SOCF method.
Results and discussion
SOCF spectral calculations of several Yb(III) complexes

We selected four Yb(III) complexes for the SOCF spectral calcu-
lations. They have different chemical structures and spectral
features, including YbCp3 with a high crystal eld isotropy (D3

molecular symmetry), K3[Yb(BINOL)3] and Yb(trensal) with
moderate crystal eld isotropy (C3 molecular symmetry), and
the high anisotropic crystal eld case: (thiolfan)YbCl(THF) (C1

molecular symmetry) reported recently.9 For the rst three
complexes, we assign initial charges and structures referenced
to the original spectra from the authors or the digitized spectra
from literature. For (thiolfan)YbCl(THF), the local charges are
directly assigned based on a LoProp charge calculation from
SOC-CASSCF/RASSI theory, removing the charge assignment
step.18 We computed both the electric dipole (E1) and magnetic
dipole (M1) oscillator strengths as a function of the rigid-body
rresponding oscillator strength for YbCp3 at 5 K, K3[Yb(BINOL)3] and
23–26 The red denotes ‘hot transitions” arising from thermally occupied
atmap of the E1 (electric dipole coupling oscillator strength); right: heat
blue points indicate Df = 80° and Dq = 170° where the optimal fitting
nding to the experimental linewidths) for (thiolfan)YbCl(THF) on top of
els for (thiolfan)YbCl(THF) at 300 K, blue arrows indicate 3 absorptions,

Chem. Sci., 2024, 15, 12451–12458 | 12453
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Fig. 3 (a) Spatial 4f components of the bare Yb(III) ion and the (thiolfan)
YbCl(THF) 4f manifold under the crystal field. (b) Atomic similarity
factor (g) of all 14 resulting states calculated from SOCF for YbCp3,
K3[Yb(BINOL)3], Yb(trensal), and (thiolfan)YbCl(THF). (c) Crystal field
splitting for the lowest 2 states in the 4f spin–orbit excited band vs. that
in the ground band for sixteen Yb(III) complexes (Section 7, ESI†); the
filled squares indicate YbCp3, K3[Yb(BINOL)3], Yb(trensal), and (thiolfan)
YbCl(THF).30–36
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rotational scan, depicted in Fig. 2b. The derived crystal eld
parameters from SOCF ttings are all summarized in Section 1,
ESI.† The calculated transitions overlaid with experimental
spectra for YbCp3, K3[Yb(BINOL)3], Yb(trensal), and (thiolfan)
YbCl(THF) are shown in Fig. 2a. We also include hot-band
transitions (excitations from the higher energy states in the
ground spin–orbit band) using Boltzmann weighting. Spectral
computations for (thiolfan)YbCl(THF) produce line positions
and oscillator strengths that closely agree with experimental
spectra. Similarly, calculations for Yb(trensal), K3[Yb(BINOL)3],
and YbCp3 capture most of their experimental features. It is
important to note that our SOCF primarily examines how
external electrostatic elds perturb the atomic orbitals, rather
than directly considering 4f bonding with ligands or the
molecular vibrational features. This distinction could result in
some spectral characteristics being absent compared to exper-
imental observations.23–28 We note that a missing feature
around 1.29 eV in the case of YbCp3 (Fig. 2a(i)) is likely due to
the well-established unusual covalent nature of its 4f electronic
structure.14 Moreover, a missing feature below 1.30 eV has been
reported and assigned to a vibrational mode in Yb(trensal)
(Fig. 2a(iii)).16 However, even including these exceptions, the
relative agreement between experimental and calculated tran-
sitions of the effective crystal eld model is a testament to the
robustness of the SOCF model. Together with the Judd–Ofelt
theory, we use electronic spectra (energy and oscillator
strengths) to investigate the extent of 5d–4f mixing in Yb(III)
complexes, and address this long-standing concern in the eld
of the electronic structure of lanthanide complexes.
Crystal eld anisotropy

Once we established that the SOCF tting approach agrees with
most experimental spectral parameters, we will use it to explore
the energy splitting of the frontier electronic structure in Yb(III)
complexes. We note that the energy gap between the two lowest
lying Kramers' doublets increase as we move toward higher
crystal eld anisotropy. This signature is referred to as crystal
eld anisotropy, where axially (or equatorially) oriented electric
eld highly (de)stabilizes 4f orbitals in one direction.29 We
further investigate the degree to which the SOCF states retain
their atomic orbital character. We dene an atomic similarity
(g) parameter as the norm-squared of the overlap integrals
between the SOCF states and the spin–orbit only Yb(III) states
(Fig. 3b and Section 6, ESI†). We nd that high crystal eld
anisotropy results in decreased mixing between spin–orbit
states and thus create more atom-like orbitals. For example, in
(thiolfan)YbCl(THF), the lowest energy states (states 1 and 2)
carry greater than 0.85 similarity to the bare-ion spin–orbit jj =
7/2, mj = ±7/2 states, and the lowest excited states (states 9 and
10) have above 0.88 similarity compared to the jj = 5/2,mj =±5/
2 states. A high atomic similarity indicates that the quantum
numbers associated with the spin–orbit states are “more”
preserved in these transitions. Along with (thiolfan)YbCl(THF),
the composition of the lowest-energy states in the ground and
excited bands corresponding to four compounds are shown in
Section 6, ESI.† Yb(trensal) and (thiolfan)YbCl(THF) have the
12454 | Chem. Sci., 2024, 15, 12451–12458
orbital compositions predominantly determined by several
distinct and unique mj quantum numbers in both their ground
and excited levels. Since mj denes the angular-moment-
coupled orbital shapes, spatially similarly looking ground and
excited orbitals are expected (Fig. 3a).37–39 To further understand
the effect, we extracted from the literature the energy difference
between the lowest two states in both the excited and the
ground 4f bands and plotted them in Fig. 3c.30–36 We found that
(thiolfan)YbCl(THF) is an outlier, displaying the largest split
further proving that a high crystal eld anisotropy exists in
(thiolfan)YbCl(THF) (Section 7, ESI†).40
Linewidth analysis through point charge uctuation model

Since SOCF requires diagonalization of a very small matrix, this
computationally cheap approach provides a pathway to perform
sampling in a wide parameter space. Thus, SOCF is uniquely
equipped to be utilized in high-cost theoretical investigations,
such as looking at uctuations of the inner coordination sphere
of lanthanide complexes and explore their effects on the
observed linewidths.41,42 Here, we present a normal-mode
guided sampling scheme, where all local charges are allowed
to move with respect to the corresponding normal modes. To
demonstrate the approach, one of the low-frequency vibrational
modes (mode 4), dominated by the coordinated THF motion is
chosen; from a DFT frequency calculation (at TPSS/def2-TZVPP
level, harmonic approximation, done with the use of the
Gaussian soware),43 it has a frequency of 36.29 cm−1 and IR
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The all-charge-moving model for (thiolfan)YbCl-THF, the DFT calculated low-energy vibrational mode at 36.29 cm−1, and the
effective ligand charges are allowed to select positions with a Gaussian distribution along the mode. (b) 200 Samplings with an all-charge-
moving model, the transition energy histograms are plotted and overlaid with experimental ones for (thiolfan)YbCl(THF). (c) The correlation plot
of E(9,10), E(11,12), and E(13,14) against E(1,2) of (thiolfan)YbCl(THF). (d–f), similar to (b), refer to YbCp3, K3[Yb(BINOL)3], Yb(trensal) corre-
spondingly, in (f), the Yb(trensal) complex has a reported vibrational feature between the first and second electronic bands.16
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intensity of 1.7006. We note that while the frequency is not
accurate as the isolated 4f electronic character of Yb(III)
observed in multireference calculations is not observed in DFT,
the normal mode motion is still a reasonable guess for
sampling of the ligand mobility and its effect on the linewidth.
The local charges corresponding to the inner coordination
sphere are allowed to have some spatial deviations from their
equilibrium positions following Gaussian-distributed sampling
points to generate multiple spatial congurations of these local
charges. The SOCF calculation at each conguration is then
performed to record each resulting energy level (Fig. 4a). By
plotting histograms of the transition energies associated with
three absorption bands, we are able to capture the experimental
spectra from a minimal model. The linewidth for the transition
from E(1,2) to E(9,10) for (thiolfan)YbCl(THF) is found to be
0.615 meV, consistent with reported linewidth measured from
a narrowband laser transmission.9 Due to the limited resolution
from the commercial UV-vis spectrometer, this calculated 0.615
meV linewidth is articially broadened to 3.3 meV by including
an instrument response function (IRF) to match the experi-
mental linewidth. Applying the same IRF to all transitions gives
the experimental linewidths shown in Fig. 4b (black line), which
shows excellent agreement with the experimental data (orange
dotted line). We also observe a strong correlation coefficient of
0.9991 between the energies of ground (states 1 and 2) and
excited states (states 9 and 10) corresponding to the ultranaral
transition in the experiment (Fig. 4c). We further performed
© 2024 The Author(s). Published by the Royal Society of Chemistry
linear regressions to the excited-ground energy correlation
diagrams, and a slope of 0.8396 is obtained from E(9,10) and
E(1,2). The high correlation coefficient together with the close-
to-unity slope indicate a high suppression of inhomogeneous
broadening because the uctuations of the excited and ground
state energies are shared, i.e., these energy levels shi in
a similar scale and simultaneously up or down, detailed
demonstration can be found in Section 8, ESI.42,44,45† DFT
frequency calculations (same level of theory and approximation
as for (thiolfan)YbCl(THF)) are also applied to YbCp3, K3-
[Yb(BINOL)3], and Yb(trensal). As they have higher molecular
symmetry compared to (thiolfan)YbCl(THF), we specically
select two low-frequency vibrational modes with one that has
a dominantly axial movement (with respect to the principal axis
of symmetry) of the inner coordination sphere and another one
with primarily equatorial movement. With two selected modes
for each complex, we perform the SOCF sampling calculations;
the spectral results are illustrated in Fig. 4d–f (the complete
spectra andmore statistical information are shown in Section 8,
ESI†). Our sampling calculations consistently reveal a narrower
band corresponding to the transitions from E(1,2) to E(9,10)
among these Yb(III) complexes. This band consistently exhibits
higher correlation coefficients and closer-to-unity slopes
compared to the other two higher–energy transitions. Across
these compounds, Yb(trensal) and (thiolfan)YbCl(THF) are
likely to have much narrower inhomogeneous linewidths
Chem. Sci., 2024, 15, 12451–12458 | 12455
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compared to the others because of their near-unity excited-
ground energy correlation coefficients and slopes.

Overall, the discussion of the narrow optical transition
features in (thiolfan)YbCl(THF) can be summarized as follows:
the four states that are responsible for the ∼1.26 eV optical
transition (i.e., states 1 and 2, and states 9 and 10) have in
a strong energy correlation and near-unity energy regression
slope in response to the environmental uctuations. Therefore,
a suppressed inhomogeneous broadening feature is expected.
In addition, these four states are highly similar to atomic states
(primarily jj = 7/2,mj =±7/2 and jj = 5/2,mj =±5/2 states), and
are spatially alike, which leads to the molecular optical transi-
tion to be highly f–f atom-like.41,42

Conclusion

The SOCF method, though simple, can provide insight into the
photophysical properties of Yb(III) complexes and assist in the
design of new coordination environments that optimize
anisotropy and ultranarrow optical linewidths. We elucidate the
mechanism that results in ultra-narrow linewidths for Yb(III)
compounds, particularly ((thiolfan)YbCl(THF)). (i) Its major
transition states are atom-like and similar to the spin–orbit
coupled jjmj atomic orbitals. (ii) Under a highly anisotropic
crystal eld, the lowest two ground and excited energies are
greatly separated and the transition orbitals are spatially highly
similar. (iii) The similar-shaped transition orbitals also feature
to a high excited-ground energy correlation in response to
environmental uctuations and therefore give rise to a strongly
suppressed spectral linewidth.46 We conjecture that the key to
narrow linewidth is indeed the correlated behavior of the states
involved, in response to environmental uctuations. It is not
proven, in a strict sense, that the only way to achieve this is
through making the transition orbitals atom-like, but it is one
of the ways, as we reveal in this work.

We note that SOCF is a simple treatment and has limitations.
It is not an ab initio approach and requires high-quality spectra
to t relevant crystal eld parameters. The current formulation
is only suitable for 1-electron or 1-hole electron congurations,
as it uses f-orbitals as its basis. The selection of Yb(III) complexes
for this study was driven by the availability of extensive spec-
troscopic data and the relative simplicity of the 4f13 electronic
conguration; we acknowledge that the extension of our
approach to other lanthanides would necessitate substantial
additional research. Furthermore, SOCF does not consider
covalency or explicit vibrational modes. However, when coupled
to high-level electronic structure theory, which can provide
information on the orbitals and the inner coordination sphere,
it can provide a simple method to understand how both crystal
eld anisotropy and uctuations inuence oscillator strength,
peak positions and linewidths. Further development and
generalization of this method to other 4fn electronic structures
would signicantly enhance its impact and applicability. We
notice that generalizing our method across the lanthanide
series requires addressing computational complexities and
rening crystal eld parameter tting for diverse electronic
congurations. A possible route to extend SOCF beyond Yb(III)
12456 | Chem. Sci., 2024, 15, 12451–12458
to other 4fn congurations is to: (i) perform a CASSCF calcula-
tion to obtain the physically meaningful electronic density; (ii)
t the density with higher-order spherical harmonics and
incorporate these into the SOCF calculations; (iii) perform SOCF
to obtain spectral information. We note that the active space
needed for the accurate description of other lanthanides can be
very large, presenting a signicant challenge for the CASSCF
treatment. These steps represent our goal for the next phase of
our research, which will signicantly enhance our under-
standing of lanthanide photophysics and pave the way for the
development of advanced quantum sensors.
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