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The cerium hexaboride and its alloyed compounds are strongly correlated materials, hosting
many-body hidden order or non-trivial band topology. The fine electronic structure of the Ce-4f*
state, derived from the spin-orbit coupling and the crystal electric field splitting (CEF), plays a vital
role in forming the exotic quantum state in the Ce-based compounds. By using the high-resolution
resonant inelastic X-ray scattering technique, we determined the fine electronic excitation energies
of the Ce—4f1 state in the Kondo material Cep.35mo.7Bs. The extracted energy levels show an
overall consistency with other scattering techniques, except that CEF splitting in the total angular
momentum J = 7/2 state is identified to be (89.5 4+ 1) meV, clearly larger than the value of 82 meV
drawn from Raman spectroscopy. A detailed discussion is made to reconcile the mismatch. This
work provides key information on the Ce-4f* orbital in CeBg, which would also put a constraint on
the related theoretical model, help to address the challenges for theoretical dealing with many-body

correlation in Ce-4f' compounds.

I. INTRODUCTION

The Ce-based compounds have been intensively stud-
ied due to its many-body interaction and the intertwined
coupling between different degrees of freedom[IH6]. The
stable trivalent Ce ion has an outer shell of 4f!. The
strong spin-orbit coupling (SOC), high susceptibility to
ordered magnetism, and intrinsic Kondo effect within the
Ce 4f' state make its compounds a fertile land of elec-
tronic correlation and quantum criticality[7, [§]. For in-
stance, Ce-based materials like CeCusSis and CeColng
are archetypical heavy fermion superconductors[9H11].
The Ce 4f! state also dominates dense Kondo behavior in
Ce,La;_,Cug [12,[13] and Ce,La;_,NizGes[14]. Among
these correlated materials, CeBg and its alloyed deriva-
tives like Ce;_,La,Bg attract particular interest due to
their unique properties[I5HI9]. The CeBg possesses a
cubic lattice under the space group of Pm3m. The Ce
atoms form the frame of a cube which is centered by an
octahedral (Oj) boron cage (Fig. 1(a)). The Ce-site
can be substituted with other metallic lanthanides like
La/Sm/Eu, transforming it to a different quantum phase
without altering the crystal structure[20H23]. CeBg has
been found to host the “hidden order” at the tempera-
ture between 2.4 K and 3.2 K, which is proposed as a
result of the magnetic multipolar effect but is still under
debate[24H26]. Despite strong evidence for the existence
of the many-body quantum order, recent work reported
that substituting Ce with Sm could achieve non-trivial
topology in the Ce;_,Sm,Bg (x > 0.5), which is known
as a topological Kondo system[27] [28].

No matter the hidden order or the topological Kondo

phase, those exotic properties of CeBg and its alloyed
compounds strongly rely on the energy levels in the vicin-
ity of the Fermi level and the associated ground state
symmetries[28, 29]. Massive efforts have been taken to
determine the ground state of Ce-4f'[30, 31], and an
overview can be achieved (Fig. 1(b)). The strong SOC
split the 4f! state into 4f7 /5 and 4f5 /5, in which the 4f5 /5
is ~270 meV lower in energy[32]. Within the crystal
electric field (CEF) of Oj symmetry, the six-fold degen-
erate 4f 5o states are further split into different symme-
tries of I'ys and I7. Neutron scatterings and X-ray spec-
troscopy studies have claimed the CEF in 4f5/, as ~50
meV, and it is now widely acknowledged that quadru-
plet Ig is the ground state after a long debate[8] [33].
There are also first-principle calculations aiming to re-
veal the splitting within the Ce-4f7/5 under various CEF
symmetries, suggesting an energy hierarchy of I}, I,
and I} symmetries and their relative energy spacing of
~100 meV (under tetragonal lattice)[30]. However, most
experimental studies focus on the lower branch (J =
5/2) of the SOC split 4f! state[8, 20, 29, 34], and the
direct measurement of the CEF splitting in an upper
branch (J = 7/2) of CeBg has rarely been reported. The
only experimental work based on Raman spectroscopy
claims the CEF split of 82 meV in J = 7/2 state, leading
to a discrepancy between the experiment and numerical
calculation[35]. To resolve the disputed results, we stud-
ied the 4f! orbital’s energy hierarchy in Ceg 3Smg.7Bg
by using high-resolution resonant inelastic X-ray scatter-
ing (RIXS). The very fine CEF split electronic structures
within the J = 7/2 and J = 5/2 states are depicted. The
CEF split energy scale of J = 7/2 is discovered to be (89.5
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FIG. 1. (a) Ctystal structure of CeBg. (b) Schematic
diagram of Ce®™ 4f! energy levels. The 4f' orbital is split
into two states 4f7,2 and 4f5,2 by spin-orbit coupling
(SOC). In the crystal electric field (CEF), the J = 5/2
states are split into two symmetries I's and I7 , correspond
to the 4- and 2-fold degeneracy, and the J = 7/2 states are
split into three symmetries I, I'y and I} which are with 2-,
4- and 2-fold degeneracy respectively.

=+ 1) meV, which is larger than previously reported. Our
work put a well-defined constraint on further theoretical
treatment, a step forward to understanding the strongly
correlated effect within the Ce-base compound.

ILEXPRIMENT

The high-resolution X-ray absorption spectroscopy
(XAS) and RIXS measurements were both performed
at the beamline 4.0.3 endstation (MERIXS) at the Ad-
vanced Light Source (ALS). The incident photon energy
was tuned between 100 eV to 150 eV to cover the N4 5-
edge (4d10 4f™ to 4d%4f"+! transition) of Ce or Sm. The
total electron yield (TEY) mode was used in the XAS. To
gain a good signals’ statistics, the RIXS experiment was
performed with the m-polarized incident photons. The
Ceg.359mg 7Bg samples are with high crystalline qualities,
same as the ones in the earlier study[27, 28]. Alloying
with Sm makes Ceg 35mg 7Bg to be well cleaved, gener-
ating high-quality data under the ultraviolet RIXS (see
supplementary Fig. S1 [36]). Large single crystals of
Ceg.35mg 7Bg were cleaved and measured at low temper-
ature (20 K), meanwhile maintained at an ultra-high vac-
uum with pressure of approximately 3x 1070 Torr.
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FIG. 2. (a)The N-edge XAS on Cep.3Smo.7Bg (blue curve),
which is compared with the N-edge XAS of pristine CeBg
(black curve, shaded with blue) and pristine SmBg (red
curve, shaded with red). (b) The pre-edge fine peaks of
Ce-XAS at hv < 114 eV are compared between the CeBg
and Cegp.35mg.7B¢. The incident photon energies selected for
the following RIXS measurements are marked by the vertical
arrows.

III.RESULTS AND DISSCUSIONS

The N4 j5-edge XAS spectrum of the Ceg.3Smg 7Bg is
shown in Fig. 2(a), which is also compared with the XAS
of pristine CeBg and SmBg. Actually, the overall spec-
trum is a composite of the N-edge XAS of both Ce and
Sm. Unlike the main absorptive peak which is easily af-
fected by the Fano resonance, the pre-edge peaks are not
susceptible to Fano resonance but highly sensitive to the
valence state [37]. Through scrutinizing the fine pre-edge
peaks at around 110 eV, one could see the pre-edge peaks
are almost identical between CeBg and Ceg 3Smg 7Bg, in-
dicating the trivalent nature of Ce in the Cey 3Smg 7Bg
(Fig. 2(b)). This confirms that alloying with Sm would
not change the valence state of Ce, and vice versa. Mean-
while, atomic multiplets simulation agrees that pre-edge
peaks of Ce locates well below hy = 115 eV, excluding
the multiplet states from divalent and trivalent Sm (see
supplementary Fig. S2 [36]). The distinct separation of
energy between the Ce N-edge and Sm N-edge provides
an excellent opportunity to study the inelastic excitations
of Ce without the inclusion of signals from Sm.

It is known that N-edge excitation of lanthanide metal



gives rise to a large cross-section for the inelastic X-ray
scattering[39} [40]. The first N-edge RIXS study on Ce-
based compound was reported decades ago, but with very
limited energy resolution, and the sub-eV fine inelastic
emission is not clearly identified[41], [42]. The remarkable
improvement of the energy resolution in RIXS now gives
chances to detect fine excitations. Fig. 3(a) shows the
Ce N-edge RIXS as the dependence of incident photon
energies. No matter whether the incident photons locate
at the pre-edge fine peaks (from 102 eV to 112 eV) or at
the main peaks with higher excitation energy (> 122 eV),
their inelastic emissions remain almost constant in en-
ergy, in spite of the variation of intensities. The detailed
photon emission line-profiles are shown in Fig. 3(b), from
where two bunches of excitation peaks can be observed at
the lower and higher excitation energy. In the low-energy
regime, to the very nearby of the elastic peak, there ex-
ists an inelastic emission with a fitted energy loss of ~50
meV, namely peak 2 (Fig. 3(d)). This excitation recalls
previously accounted CEF split energy between quadru-
plet I's and doublet I; in the J = 5/2 state, which was
reported as 60 meV (photoemission[43]), 46 meV (neu-
tron scattering[8]) and 47 meV (Raman scattering[g]).
Therefore the peak 2 should be attributed to the CEF
excitation from Iy and I%. Other relatively weak ex-
citations above 270 meV could be found by looking into
the regime with higher energy loss (Fig. 3(c)). This sepa-
rated energy of 270 meV is coincident with the spin-orbit
splitting in the 4f! states[32], which indicates those exci-
tations are spin-orbital excitations by flipping the spins
from the J = 5/2 to J = 7/2 states (see Fig. 1).

As we discussed, intensive efforts have been made to
understand the low-energy excitations in the CeBg, but
excitation with higher energy has seldom been reported
and less discussed. Instead of three energy levels of sym-
metries (I, Iy and I73) predicted by the calculation,
there seem to be only two peaks in the upper branch
from RIXS data (Fig. 3(c)), which is intriguing. The
separation of the two peaks is approximately 80 meV,
which fits precisely with CEF separation in the Raman
experiment but lacks an excitation peak observed before.
Assuming I'§ and I of J = 7/2 states are located too
close together could interpret the two excitation peaks in
the J = 7/2 states. If so, the tiny gap between I'y and I}
might not be easily distinguished, and only one merged
large peak can be detected due to the limited apparatus
energy resolution (~15 meV). Then, a detailed fitting of
the upper branch excitations with two peaks is shown in
Fig. 4(a-c). The overall fitting quality is acceptable, de-
spite possibly missing some spikes around the two main
peaks. The extracted CEF split energy from the dual-
peak fitting within J = 7/2 is approximately 77 meV,
which is smaller than the result of 82 meV from Raman
scattering. However, by analyzing the fitting details, one
could find that the full width at half maximum (FWHM)
value of peak 3 (I'§ + I{) is extraordinarily large, even
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FIG. 3. (a) Ce N-edge RIXS map is displayed as a function
of the incident photon energy and the energy loss of the
scattered photon. (b) The RIXS spectra sliced from the
maps at ten different incident photon energies (hv = 101.4
eV, 103.3 eV, 104.3 eV, 105.5 eV, 106.4 eV, 108 eV, 110.4
eV, 111.4 eV, 122.2 eV and 125 eV which labeled from E; to
E10), in which E4 = 105.5 eV and Eg = 122.2 €V are marked
by the white dashed line in (a)). The elastic peak (I's and
its nearby inelastic peak (I's) to 7)) are marked by dashed
vertical lines. (c) Magnifying the weak inelastic peaks by
zooming in the grey-shaded rectangle in (b). (d) The elastic
and inelastic emission of the J = 5/2 states from the RIXS
curves with good data statistics (E4 = 105.5 eV, Er = 110.4
eV, Eg = 122.2 eV, and E19 = 125 €V) are fitted by two
peaks. Black circles are experimental data and red curves
are cumulative peaks’ fitting results.

twice as its counterpart in peak 4 (I';), as shown in Fig.
4(b). Although the four-fold degeneracy of quadruplet
I'§ naturally bears a broadened excitation peak than the
double-degenerate I, the dispute cannot be reconciled
because the second order split within I’y and I is sub-
meV (~10 K) and it would not profoundly impact the
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FIG. 4. (a) The inelastic emission of the J = 7/2 states from the RIXS curves with good data statistics (E4 = 105.5 eV, E5 =
106.4 eV, Er = 1104 eV, Eg = 122.2 ¢V, and Ej19 = 125 eV) are fitted by two peaks. Black circles are experimental data and
red curves are cumulative peaks’ fitting results. (b) The FWHM values of the fitted peaks extracted from (a) and two fitted

peaks in the J = 5/2 state. The four peaks represent the elastic peak (peak 1) and the excitation from the ground state to Iz

(peak 2), I's+1g (peak 3), and Iy (peak 4). (c) The total CEF split within the J = 7/2 state, extracted from the energy

separation between peak 3 and peak 4 in (a) .

(d) The fitting of RIXS curves with three peaks, representing the excitation

from Iy to I'y (peak 3A), I's(peak 3B), and 5 (peak 4). (¢) The FWHM values of the fitted peaks extracted from (e) and
two fitted peaks in the J = 5/2 state. (f) The extracted total CEF split within the J = 7/2 state, extracted from the energy

separation between peak 3A and peak 4 in (d).

excitation width. That means the peak 3 should present
two well-separated excitations, and thus dual-peak fit-
ting is problematic and misleading by assuming Iy and
It are located coincidently in energy.

The discussion above inclines that the RIXS line pro-
file of J = 7/2 excitations deserves a better analysis than
naive dual-peaks fitting, and the I} and I'§ states of J =
7/2 should be distinguishable under the fitting. There-
fore, a fitting of J = 7/2 excitations with three peaks is
also presented in Fig. 4(d-f). The overall fitting qual-
ity is significantly improved and the sum of squares (SS)
value has been shrunk to one order of magnitude smaller
than the dual-peak fitting. More importantly, the fitting
details of peaks are now much more reasonable. For in-
stance, the FWHM of every peak is now rather compara-
ble to each other, correcting the errors in the dual peaks
fitting that one peak is overwhelmingly broader than the
others (Fig. 4(e)). Still, peak 3B, which attributes to
the quadruplet I} states (J = 7/2), possesses more in-
tensity than peak 3A (doublet I'}) and peak 4 (doublet
I'7). The fitting-extracted energy split between the I}
and Iy is about 25 meV, which is also larger than the
value of 14 meV reported in Raman scattering. Besides
that, the CEF split between the I'; and I is about 65
meV, nearly identical to the Raman scattering result. To-
gether, the fitting gives an overall CEF split of 89.5 meV
within the J = 7/2 states (Fig. 4(f)). The CEF value
of 89.5 meV extracted from our RIXS data is about 10%

larger than the value of 82 meV from the Raman exper-
iment. However, it is not necessary to draw a conclusion
that either value is more accurate unless the following
considerations are clearly resolved.

First, the divergence could be a direct result of the
difference between these two experimental techniques. It
has also been reported in other research that excitation
energy probed by RIXS could be larger than the ones
from Raman scattering. As an example, the first-order
vibration mode in water’s O-H band probed by RIXS
shows an apparent blueshift when compared with the re-
sult of Raman scattering.[44446]. Although both tech-
niques are on the basis of scattering, Raman scattering
is related to the non-resonant process, while the RIXS
relies on energy resonance.

The conflicts may also be intrinsically linked to the less
metallic nature of the heavily alloyed Ce/SmBg. Previous
magnetic susceptibility measurements and our XAS mea-
surements support the dominance of 4f' valence state in
the alloyed compound, and substituting with Sm would
not change the lattice configuration of Bg cages sur-
rounding the Ce-site. However, it is noteworthy that
CEF is raised from the molecular orbital model, which is
highly associated with an insulating picture and would
be blurred by the quasiparticle dispersions and enhanced
bandwidth. Instead of the insulating SmBg [47, /48], CeBg
is a Kondo metal[49] [50]. Heavily alloying Ce with Sm
would depress the itinerancy in the CeBg, which enhances



the energy scale of CEF. The cooling down of CeBg makes
it more insulating, but larger CEF splitting. This effect
could also be realized in the temperature-dependent Ra-
man data in Ref.[35] [51].

IV.CONCLUSION

In this paper, we precisely depicted the energy scales
of CEF symmetries by using high-resolution RIXS. Our
result suggests a larger CEF split of 89.5 meV in the J
= 7/2 states when comparing our findings with a recent
Raman spectroscopy work. With respect to the discrep-
ancy, it can’t be excluded as a result associated with
the alloying with Sm (intrinsic) or the difference of the
scattering process (extrinsic). Although further study
is necessary to reconcile the dispute between our result
with the previous one, our work constitutes a piece of
new evidence to the theoretical community and hope-
fully provides insights into the strongly correlated sys-
tem with Ce-4f! basis. As already mentioned, the CEF
split ground state symmetry and the framework of CEF
energy hierarchy give the basis for comprehending the
electronic correlations and the non-trivial topology in the
heavy fermion material Ceg 3Smg 7Bg. For example, the
value of CEF could signal the bandwidth, itineracy as
well as hybridization between f-orbital and other bands.
Thus, an accurate CEF energy level would put an ex-
plicit constraint on the first principle calculation, which
would generate a theoretical treatment much closer to
the underlying physics.
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