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Ce compounds feature a remarkable diversity of electronic properties, which motivated extensive investi-
gations over the last decades. Inelastic neutron scattering represents an important tool for understanding their
underlying electronic structures but in certain cases a straightforward interpretation of the measured spectra is
hampered by the presence of strong vibronic couplings. The latter may give rise to extra spectral features, which
complicates the mapping of experimental data onto standard multiplet diagrams. To benchmark the performance
of embedded-cluster quantum chemical computational schemes for the case of 4 f systems, we here address the
Ce 4! multiplet structure of NaCeO,, an antiferromagnet with D,; magnetic-site symmetry for which neutron
scattering measurements indicate only weak vibronic effects. Very good agreement with the experimental results
is found in the computations, which validates our computational approach and confirms NaCeO, as a 4 f magnet
in the intermediate coupling regime with equally strong 4 f-shell spin-orbit and crystal-field interactions.

DOLI: 10.1103/PhysRevB.105.115136

I. INTRODUCTION

Spin-orbit interactions have received enormous attention in
recent years. New insights and new ideas have led to new
physical models, new concepts, and new research paths, as
for example the Kitaev honeycomb model [1,2] and related
extensive investigations. A very interesting aspect is the role
of crystalline fields in realizing a particular type of magnetic
ground state. For octahedral ligand coordination of d- or f-
metal magnetic centers, not only the octahedral crystal-field
splittings are relevant but also additional splittings related
to lower-symmetry fields—tetragonal, trigonal, etc. The lat-
ter may originate from distortions of the ligand cages away
from a regular, cubic octahedron and/or peculiarities of the
crystalline lattice, e.g., from having a layered structure. The
precise nature and strength of the underlying ligand/crystal
fields are relevant to properties and parameters such as mag-
netic moments, single-ion anisotropies, and intersite exchange
couplings. Spin-orbit interactions and crystal-field splittings
meet sometimes on the same energy scale, in both d- [3-5]
and f-electron systems [6—10]. This may give rise to, e.g.,
unexpected magnetic ground states [5]. It may also hamper
a straightforward interpretation of experimental data [6] and
may pose problems to computational modeling [11]. The
Ce*" oxide compounds are in this context representative,
with spin-orbit couplings (SOCs) and crystal-field splittings
of similar magnitude [6—9]. The 4 f-shell multiplet structure is
relatively simple in these systems: For a Ce** 4f! ion in sym-
metry lower than Oy, seven Kramers doublets are expected.
The lowest three and upper four are degenerate in the case
of a free ion, defining J =5/2 and J = 7/2 free-ion terms.
Interestingly, in delafossite [8,12] and pyrochlore [13,14]
structures with Ds3; Ce-site symmetry, one extra excitation
is observed experimentally in the lower-energy range (i.e.,
within the J = 5/2-like energy window), likely arising from

2469-9950/2022/105(11)/115136(4)

115136-1

strong vibronic couplings. For benchmark ab initio multiplet
calculations in the intermediate coupling regime with equally
strong 4 f-shell spin-orbit and crystal-field interactions, we
here choose NaCeO, as a test case. It features D,; Ce-site
symmetry, and complications as seen in the D3, setting [8,12—
15] do not arise in this geometry [9]. Our study adds use-
ful reference data to investigations addressing the electronic
structure and the physical properties of Ce oxide compounds,
providing a solid basis for extensions towards the computation
of total energy landscapes and vibronic excitations.

II. COMPUTATIONAL DETAILS

Tetragonally distorted, edge- and corner-sharing CeOg oc-
tahedra form a bipartite diamond magnetic lattice in NaCeO,,
as depicted in Fig. 1(a). To understand the specificities of
the Ce®* 47! multiplet structure in this particular crystal-
lographic setting, we carried out detailed quantum chemical
embedded-cluster calculations. For this purpose, not only a
CeOQg octahedron was considered at the quantum mechanical
level but also the eight Ce and ten Na nearest neighbors [see
Fig. 1(b)]. The crystalline environment of this 25-site unit
was modeled as a large array of point charges that reproduces
the crystalline Madelung field within the cluster volume. To
generate this collection of point charges we employed the
EWALD package [16,17]. In a first set of computations, a fully
ionic picture with formal valence states was assumed: Ce3t,
02—, and Nat.

The actual quantum chemical calculations were performed
using the MOLPRO suite of programs [18]. The numerical
investigation was initiated as a complete active space self-
consistent field (CASSCF) computation [19,20] with all seven
4f orbitals of the central Ce site incorporated in the active
orbital space. The seven crystal-field states associated with
the 4f! manifold were obtained from a state-averaged [20]
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FIG. 1. (a) Unit cell of NaCeO,, plotted using the VESTA visu-
alization program [28]. Green, yellow, and red spheres indicate Ce,
Na, and O species, respectively. (b) The 25-site cluster considered
in the quantum chemical calculations. The crystalline environment
(not depicted) was modeled as a large array of point charges in the
computations.

variational optimization. Ce 4f and O 2p electrons on
the central CeOg octahedron of the 25-site cluster were
subsequently considered in a multireference configuration
interaction (MRCI) with single and double excitations (MRS-
DCI) [20,21]. Finally, spin-orbit calculations were carried
out in terms of both CASSCF and MRSDCI states [22]. We
used energy-consistent quasirelativistic pseudopotentials [23]
and Gaussian-type valence basis sets of quadruple-¢ qual-
ity [24] for the central Ce ion, whereas for O ligands
of the central CeOg octahedron we employed all-electron
correlation-consistent polarized basis sets of triple-¢ qual-
ity [25]. We adopted large-core pseudopotentials including the
4 f subshell in the core for the eight Ce nearest neighbors [26].
Large-core pseudopotentials were also considered for the ten
adjacent Na cations [27].

III. Ce 4f! MUTLIPLET STRUCTURE

The Ce 4f! valence configuration is associated with
fascinating properties, ranging from low-dimensional frus-
trated magnetism and possibly a spin-liquid ground state in
KCeSe, [29] to Kondo physics in various intermetallic com-
pounds [30] and multipolar states in Ce hexaboride [31,32]
and Ce oxide pyrochlores [14]. CASSCF and MRSDClI results
for the Ce 4f! electronic structure in NaCeO,, both without
and with SOC, are presented in Table I. We here employed
crystallographic data as reported in Ref. [9]. NaCeO, displays
an 14, /amd tetragonal lattice [33] (see Fig. 1); the Wyckoff
positions of Ce, Na, and O are 4a(0, 0, 0), 46(0, 0, 1/2), and
8e(0,0,0.219 21), respectively, while the experimentally de-
termined unit-cell parameters are a = b = 4.77860 and ¢ =
11.04277 A [9]. A CeOg octahedron features two distinct
types of Ce-O links. The Ce-O bond lengths, 2.41 and 2.42
A, are not very different; what plays a more important role in
splitting the set of six ligands into two symmetry inequivalent

TABLEL Ce** 4 ! multiplet structure in NaCeO,, with relative
energies in meV. Notations as in D,; symmetry are used for the
crystal-field (SOC not included) and spin-orbit states (+SOC).

CASSCF MRSDCI MRSDCI4-SOC INS

A, 0 0 0 0+5 Ty
’E 88 92 121 1178 + 1.8 Iy

88 92 126 1248 + 1.7 Iy
24, 110 110 249 s
’E 234 238 369 T

234 238 370 Iy
’p, 253 252 437 I,

groups is the farther-neighbor linkage (see Fig. 1). There are
also three different O-Ce-O bond angles, of 81.9°, 91.1°, and
98.1°. As the Ce-site point group symmetry is Dy4, the f
levels are split into three nondegenerate a;, a,, and b, and
two sets of doubly degenerate e crystal-field sublevels.

As far as the crystal-field levels in NaCeO, are concerned,
very large splittings of up to 250 meV are computed (first
columns in Table I, results without including SOC), a few
times larger than the strength of the spin-orbit coupling con-
stant [7,34]. This is then reflected in the splittings among the
spin-orbit Kramers doublets (last columns in Table I, SOC
included). Experimental estimates for the relative energies
of the lowest two excited states are available from inelastic
neutron scattering (INS) measurements [9]. Very good agree-
ment is found between peak positions in the INS spectra
and MRSDCI+SOC results for those two low-lying on-site
excited states: 118 vs 121 and 125 vs 126 meV, respectively.
The ab initio quantum chemical data also show that the two
lowest excited states lie at about the same distance with re-
spect to the ground state and to the next excited Kramers
doublet. All these electronic-structure peculiarities indicate
that in NaCeO; the / = 5/2 and J = 7/2 nomenclature is not
appropriate.

Splittings as large as here were earlier found in 4f!
delafossites [7,8], honeycombs [10], and garnets [6]. Intrigu-
ingly, one extra excitation is experimentally observed in de-
lafossites [8,12], presumably related to vibronic effects [35].
This provides strong motivation for more systematic ab initio
quantum chemical investigations in 4f! compounds, delafos-
sites but also other variaties such as the NaCeO, system
addressed here. With anomalies in the measured spectra (e.g.,
extra peaks as in delafossites [8,12] and pyrochlores [13,14]),
a clear assignment of the excitations is problematic at the
model-Hamiltonian level.

Not surprisingly, the MRSDCI treatment brings only minor
corrections to the CASSCF excitation energies, as seen by
comparing data in the first two columns of Table [; having only
one 4f electron for the leading ground-state configuration,
there are only weak on-site 4 f-semicore and intersite Ce 4 f-O
2p correlations showing up post-CASSCF. But substantial
MRSDCI corrections were found in previous studies for larger
filling of the 4 f shell, in, e.g., 4f'3 compounds [36].

Knowing that valence-semicore and ligand-metal charge-
transfer-type correlation effects are not significant, the very
good agreement between computational and experimental re-
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TABLE II. Ground-state g factors in NaCeO,, by
CASSCF+-SOC, MRSDCI+SOC, and INS [9] (on the basis
of model-Hamiltonian fits of INS peak positions).

8ab 8c
CASSCF+-SOC 1.12 0.71
MRSDCI4SOC 1.11 0.66
INS 1.41 1.00

sults convincingly validates the material model employed
here: a “central” quantum mechanical cluster, a buffer region
consisting of large-core effective potentials and less sophisti-
cated valence basis functions, plus point-charge embedding.
As concerns the latter, we checked how the f-f excitation
energies depend on the precise values chosen for the ionic
charges of the extended lattice, i.e., reduced the formal +3
(Ce) and —2 (O) to +2.6 (Ce) and —1.8 (O) [37]. The f-
f excitation energies computed this way are essentially the
same as in Table I [38], which shows that although less
elaborated than, e.g., embeddings constructed on the basis of
prior Hartree-Fock [39] or density-functional [40,41] periodic
calculations, a point-charge representation of the extended
crystalline surroundings is effective for ionic materials. A
more sensitive aspect is how cation species in the immediate
vicinity of the central quantum unit are modeled: Using for
the nearby cations [see Fig. 1(b)] just bare positive charges
may lead to spurious orbital polarization at the boundaries of
the quantum mechanical region [42—45].

Based on the spin-orbit MRSDCI and CASSCF wave
functions, we also calculated Ce-ion g factors, using the
Gerloch-McMeeking formula [46] and following the pro-

cedure outlined in Ref. [47]; results are presented in
Table II, along with experimentally measured g factors. It is
seen that the g factors are fairly anisotropic. The magnitude of
the g factors is somewhat on the lower side in the calculations
as compared to the experimental estimates.

IV. CONCLUSIONS

In sum, the accuracy of an embedded-cluster material
model relying on point-charge embedding and a small buffer
region between the point-charge array and the quantum me-
chanically modeled cluster is verified for the case of a 4f!
oxide, NaCeQO,. The system is well suited to this purpose
since accurate experimental data are available for the on-site
f-f excitation energies and dynamical correlation effects [20]
are modest for the 4f 1 configuration. The latter feature, in
particular, eliminates one possible source of errors in the
electronic-structure calculations. Very good agreement with
experimental results is found in the quantum chemical com-
putations, as also seen in the case of d-electron systems with
one particle per site [45]. This validates the type of embedding
scheme employed here. Our analysis also indicates large 4 f-
shell crystal-field splittings of up to 250 meV, which renders
the J-multiplet nomenclature inappropriate [48] and confirms
NaCeO; [9] as a 4f magnet in the intermediate coupling
regime with equally strong 4 f-shell spin-orbit and crystal-
field interactions.
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