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We have investigated the local low-energy excitations in CeRu4 Sn6 , a material discussed recently in the
framework of strongly correlated Weyl semimetals, by means of Ce M5 resonant inelastic x-ray scattering
(RIXS). The availability of both 2 F 5 and 2 F 7 excitations of the Ce 4f 1 configuration in the spectra allows for
2
2
the determination of the crystal-electric field (CEF) parameters that explain quantitatively the high-temperature
anisotropy of the magnetic susceptibility. The absence of an azimuthal dependence in the spectra indicates that
all CEF states are close to being rotational symmetric. We show further that the non-negligible impact of the Ǎ06
parameter on the ground state of CeRu4 Sn6 leads to a reduction of the magnetic moment μc due to multiplet
intermixing. This improves the agreement between CEF calculations and the experimentally determined magnetic
susceptibility considerably at low temperatures. Deviations that persist at low temperatures for fields within the
tetragonal plane are attributed to the Kondo interaction between 4f and conduction electrons. The RIXS results
are consistent with inelastic neutron scattering data and are compared to the predictions from ab initio based
electronic structure calculations.
DOI: 10.1103/PhysRevB.98.081116

In several Ce compounds the localized 4f electrons
hybridize with the conduction electrons (cf hybridization)
so that hybridization gaps can form and give rise to Kondo
insulating, semiconducting, or semimetallic ground states [1].
These materials are presently the focus of interest due to the
proposal that the combination of strong spin-orbit coupling,
bands of opposite parity (4f and 5d), plus the hybridizationinduced gap should give rise to strongly correlated nontrivial
topological phases [2–6]. CeRu4 Sn6 is a tetragonal, noncentrosymmetric (I 4̄2m) [7] compound. Its electrical resistivity
increases as temperature decreases, which has been attributed
to the opening of a hybridization gap of the order of 100 K
[8–12]. The absence of magnetic order down to 50 mK [13] and
the noninteger valence of 3.08 [14,15] confirm the importance
of strong cf hybridization. Recently, band-structure calculations in the local density approximation (LDA)+Gutzwiller
scheme have suggested that CeRu4 Sn6 is a correlated Weyl
semimetal [16], a conjecture that remains to be tested experimentally, especially since the noncentrosymmetric crystal
structure complicates the prediction for gap openings after a
band inversion.
To understand the properties of CeRu4 Sn6 and to assess
the reliability of the theoretical predictions we need to know
not only the ground state but also the low-energy excitations
of this system. The linear dichroism (LD) in soft x-ray
2469-9950/2018/98(8)/081116(6)

absorption (XAS) and the direction dependence in nonresonant
inelastic scattering (NIXS) have shown that the crystal-electric
field (CEF) ground-state symmetry must be the 6 [14], in
agreement with magnetization measurements [10]. However,
there is so far no information about the CEF level scheme, i.e.,
about the energy splittings E1 and E2 and the mixing factor
α of the excited CEF states. The present resonant inelastic x-ray
scattering (RIXS) study aims at giving a full description of the
CEF level scheme of CeRu4 Sn6 .
In an ionic model the trivalent (4f 1 ) configuration of Ce is
split by the effect of spin-orbit interaction (≈ 280 meV) in two
multiplets, 2 F 5 and 2 F 27 , with sixfold (Jz = {− 25 ; . . . ; + 25 })
2
and eightfold degeneracy (Jz = {− 27 ; . . . ; + 27 }). This
degeneracy is further reduced by the interaction with the
surrounding ions in the crystal and can be modeled with an
effective CEF potential, written
as a sum of (renormalized)

spherical harmonics Ckm =
VCEF (r, θ, ) =

4π
Y m,
2k+1 k

k
∞ 


k m
Am
k r Ck (θ, ).

k=0 m=−k

The expectation values r k  cannot be calculated ab initio
and are usually included in the phenomenological CEF paramm k
eters Ǎm
k = Ak r  that must be determined experimentally.
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FIG. 1. Cerium M4,5 -edge RIXS process and ff excitations (see
text).
±4
0
Five independent parameters Ǎ02 , Ǎ04 , Ǎ±4
4 , Ǎ6 , and Ǎ6 fully
3+
describe the CEF problem for a Ce ion with tetragonal point
±4
symmetry as in CeRu4 Sn6 . Nonzero Ǎ±4
4 and Ǎ6 mix the
3
Jz states according to Jz = 4, i.e., Jz = ± 2 and ∓ 25 , and
Jz = ± 21 and ∓ 27 , respectively. The intermixing of the two J
multiplets 2 F 5 and 2 F 27 is usually negligible and the impact
2
of the higher-order parameters Ǎ06 and Ǎ±4
6 is small, even
on the excited multiplet 2 F 27 , so that as a first approximation
the three Am
k parameters with k = 2 and 4 describe the CEF
problem. In this instance an analytical relationship can be
given for the energy splittings of the ground-state multiplet, the
mixing factor α, and the CEF parameters (see Supplemental
Material [17]). The three Kramers doublets of 2 F 5 can be
2
written in the well-known |J, ±Jz  form as 71 = α| 25 ; ± 25  +
√
√
| 1 − α 2 || 25 ; ∓ 23 , 72 = | 1 − α 2 || 25 ; ± 25  − α| 25 ; ∓ 23 , and
6 = | 25 ; ± 21 .
We apply high-resolution soft x-ray RIXS, an innovative
spectroscopic technique, for determining the CEF level scheme
of CeRu4 Sn6 . The first feasibility experiments have proven
its sensitivity to ff excitations [18,19]. Following a secondorder perturbation treatment, RIXS can be interpreted as the
absorption of a photon resonant at a core edge of an ion in
the system, followed by a reemission. When the system is left
in an excited state, excitation energies are detected as energy
losses of the scattered photons. This is depicted in Fig. 1 for the
RIXS process at the Ce M4,5 edge (3d → 4f ). From the ground
state |g a 3d electron is excited into the 4f shell (intermediate
state |i) and then decays into the final state |f  that can be
the ground state (elastic scattering) or an excited state of the
same configuration (magnons, phonons, ff excitations), or
a different configuration via charge transfer [20–22]. Charge
transfer excitations are usually broad and featureless compared
to the (nearly) resolution-limited ff excitations and only
contribute with a widely spread background, usually at higherenergy losses. We neither expect collective magnon nor phonon
excitations in CeRu4 Sn6 due to the absence of magnetic order
and the likely low electron-phonon coupling of the 4f subshell.
This is an effect of the resonant process, which imposes, in
addition to element and valence selectivity, that all observable
excitations must be coupled with the electronic levels involved
in the RIXS process [23]. The strong resonance process
ensures that the electronic excitations overwhelm dramatically
(if not completely) the complex phonon background that
usually is more visible in inelastic neutron scattering (INS)
experiments. In addition, the very favorable signal-to-noise

ratio in comparison to INS and the ability to focus x rays allows
measuring very small single crystals (surface 1 mm2 ).
Specific selection rules for polarization and scattering
geometries provide further information about the magnetic
versus charge origin of excitations, symmetry of the ground
and excited states, and their orientation in the unit cell even
in the presence of a higher than twofold rotational symmetry
[19,24–27]. The latter is due the fact that the selection rules in
RIXS are Jz = 0, ±1, ±2, i.e., RIXS is not dipole limited as
INS with Jz = 0, ±1. The RIXS spectrum should therefore
provide a background-free mapping of the Ce3+ 4f energy
levels, providing a direct measure the CEF splitting of both
2
F 5 and 2 F 27 , as depicted in Fig. 1.
2
ff excitations are intra-atomic and well localized so that
they can be simulated with a single ion full-multiplet calculation. Figure 2(a) shows the simulations of RIXS photon energy
loss spectra at the Ce M5 edge for a single crystal, performed
with the full-multiplet code QUANTY [28,29]. The atomic
4f -4f and 4d-4f Coulomb interactions were calculated with
Cowan’s atomic structure code [30]. Typical reductions of 20%
and 30% [14,31] have been applied, respectively, to account for
configuration interaction processes not included in the HartreeFock scheme [32]. The spin-orbit interaction in the 4f shell has
been reduced by 10% [18,19]. The calculations were set up for
the backscattering geometry (2θ = 150◦ ), grazing incidence
(∗ = 20◦ ), and with the tetragonal c axis (normal to the
sample surface) in the scattering plane [see insets in Fig. 2(a)].
The calculations were carried out for the vertical polarization
(v ) and two different sample orientations: blue lines for the
[100] (φ = 0◦ ) and red lines for the [110] (φ = 45◦ ) in the
scattering plane. The calculated intensities are convoluted
with a 30-meV full width at half maximum (FWHM) Gaussian
function representing the resolution achievable in experiments.
The elastic intensity cannot be reliably calculated since
surface roughness as well as low-energy collective excitations
contribute to the (quasi)elastic signal. Instead, we show a
resolution function of arbitrary height (gray lines centered at
0 meV).
The calculations in Fig. 2(a) are for a ground state with 6
symmetry [14] and for several mixing factors α of the excited
states at fixed energy splittings E1 and E2 . α is defined such
that the bottom curve (α = 0) refers to the sequence | 25 ; ± 21 ,
| 25 ; ± 23 , and | 25 ; ± 25  for the ground, first, and second excited
state. Accordingly, α = 1 resembles the sequence | 25 ; ± 21 ,
| 25 ; ± 25 , and | 25 ; ± 23 . Figure S1 in the Supplemental Material
shows calculations for different ground states and excited
state sequences [17]. The calculations are based on only three
parameters, Ǎ02 , Ǎ04 , and Ǎ±4
4 . Note that RIXS is sensitive to
the orientation of the orbitals in the unit cell: Changing the
sign of Ǎ±4
4 , which is equivalent to changing the sign of α
in the calculation (not shown), causes a 45◦ rotation of the
orbitals in the ab plane [33], and correspondingly inverts the
 dependence of the spectra (exchanges the blue and red lines).
The RIXS experiment on single-crystalline CeRu4 Sn6
[10,11,34] was performed at the ERIXS spectrometer of the
ID32 beamline at ESRF, Grenoble, France with a resolution
of 30 meV at the Ce M5 edge (≈ 880 eV) [19]. The inset
of Fig. 2(b) shows the M-edge XAS spectra measured in
the same geometry pointing out the incident photon energy
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FIG. 2. (a) Calculated RIXS spectra at T = 20 K as a function of the mixing parameter α 2 for α > 0, with vertical polarization, for the two
geometries φ = 0◦ and φ = 45◦ (see inset). (b) Experimental RIXS data (circles) with statistical error bars with the same scattering geometry as
in the calculated RIXS spectra on the right. The red and blue lines (black line) show the full multiplet simulation with three (four) crystal-field
parameters (the fourth being Ǎ06 = 200 meV) using an asymmetric line shape for the CEF excitations [see red (black) ticks and gray lines]. The
respective CEF parameters are given in Table S1 in the Supplemental Material [17]. Note, the highest transition at ≈ 360 meV corresponds to a
Jz = ±3 transition and therefore has no spectral weight. The gray shading indicates the elastic region (see text). The elastic reference (green)
shows the Gaussian response function of the beamline. XAS M5 edge and incident energy (dotted line) shown in the inset.

(882.2 eV) used for the RIXS spectroscopy. Figure 2(b) shows
data for the two sample orientations φ as in the calculation,
i.e., φ = 0◦ (blue dots) and φ = 45◦ (red dots). Both spectra
have been acquired with incident vertical polarization. Other
spectra acquired with different experimental settings can be
found in Ref. [17]. The green dots are the measurements of
carbon tape that serves as an elastic reference. More details of
the beamline and setup can also be found in Ref. [17], which
also contains Refs. [35,36].
The experimental RIXS spectra show two groups of peaks,
the first one at 0–100 meV and the second at 250–400 meV,
corresponding to the 2 F 5 multiplet and 2 F 27 multiplet, re2
spectively. The spectra of both sample orientations show the
expected three peaks in the 2 F 5 energy range: the elastic
2
peak (E0 = 0 meV) plus two inelastic peaks at about E1 ≈
30 meV and E2 ≈ 85 meV. In the 2 F 27 energy range we would
expect to see four excitations due to the splitting into four
Kramers doublets, however, while they are intense, they also
seem to be too close in energy to be resolved.
The inelastic signals of the two experimental spectra are
superimposed, reflecting no dependence on the rotation φ
around the c axis, thus suggesting the orbitals must have, or
are close to, rotational symmetry which occurs in the presence
of pure Jz states (see, e.g., Ref. [31]). Thus, the intermixing
of Jz = ±3/2 and ∓5/2 and of Jz = ±1/2 and ∓7/2 of the
±4
excited states is next to zero, i.e., Ǎ±4
4 and also Ǎ6 must be
negligibly small.
In the following we will compare the experimental data
with calculations. The absence of a pronounced φ dependence
in the experiment [see Fig. 2(b)] indicates that α is very
close to 0 or 1 [see Fig. 2(a)]. Taking further into account
the intensity ratios of the main peaks in either multiplet, we
observe that the α ≈ 0 calculation shows a better resemblance

to the experimental spectra. The only pronounced deviation
in the experimental spectra between the two sample rotations
is in the elastic region (see the gray shaded area). This could
have either the trivial reason that the quality of the sample
surface is different in the two positions, or it shows that α
is positive although close to zero [see Fig. 2(a)]. We can
conclude that the excited CEF states of the lower multiplet
are almost pure |Jz  states with | 25 ; ± 21  being the ground state,
| 25 ; ± 23  the first excited state, and | 25 ; ± 25  the second excited
state.
Although we find a qualitative agreement between data and
calculations, the overall spectral shapes differ. The calculation
in Fig. 2(a) was performed with a Gaussian broadening resembling the resolution function, but the experimental spectral
shapes are clearly non-Gaussian. Ignoring the non-Gaussian
line shape could lead to larger energy transfers and/or unaccounted spectral weights [19]. We therefore used an empirical
asymmetric line shape for the ff excitations (see Ref. [17]).
The red (blue) line in Fig. 2(b) is the result of a calculation
where each excitation is treated with the same asymmetric
line shape and only the elastic peak is still convoluted with
the Gaussian resolution function. We find the | 25 ; ± 23  state
at E1 = 31 meV and the | 25 ; ± 25  at E2 = 84 meV with
parameters Ǎ02 = −163.7 meV Ǎ04 = −13.6 meV, and Ǎ44 = 0
meV. Energies and excited state sequences of the 2 F 27 multiplet
are given in Ref. [17]. The red ticks at the bottom scale
denote the positions of the CEF excitations and the gray lines
resemble the actual intensities. Note that in the calculation, the
highest transition has zero intensity because it corresponds to
a Jz = 3 (|Jz = ± 21  → |Jz = ± 27 ) transition which is not
accessible due to selection rules. Also, spectra acquired with
different experimental settings confirm the aforementioned
results (see Ref. [17]).
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FIG. 3. (M/H )−1 curves of CeRu4 Sn6 measured with a 5- and
6-T magnetic field parallel (red dots) and perpendicular (blue dots)
to the tetragonal c axis for T  300 K and T  300 K, respectively.
The blue and red lines are the CEF-only calculation with Ǎ06 = 0 meV
and the black lines with Ǎ06 = 200 meV.

Having determined the CEF parameters from the RIXS data,
we now investigate to what extent these findings can explain
the magnetic properties of the material. Figure 3 shows the
experimental inverse magnetic susceptibility (M/H )−1 as a
function of temperature for the magnetic field parallel (red
dots) and perpendicular (blue dots) to the tetragonal c axis. We
have calculated (M/H )−1 using the CEF parameters extracted
from the RIXS experiment and plotted the results also in
Fig. 3, for magnetic fields parallel (red lines) and perpendicular
(blue lines) to the c axis. This three-parameter CEF model
reproduces (M/H )−1 very well at temperatures above 400 K.
We now consider the higher-order parameters Ǎ06 and Ǎ46 .
As stated above, Ǎ46 must be, as Ǎ44 , close to zero. Introducing
a positive nonzero Ǎ06 leads to an increase in the peak intensity
ratio in the energy range of the 2 F 27 multiplet. The black line and
black ticks in Fig. 2(b) are the result of a calculation with Ǎ06 =
200 meV. Ǎ06 does not affect the high-temperature anisotropy of
(M/H )−1 but improves the agreement of CEF-only calculation
and data for fields parallel c at low temperatures (see the
black lines in Fig. 3). The nonzero Ǎ06 increases the multiplet
intermixing so that the new ground-state wave function |GS
now contains a considerable amount of the 2 F 27 multiplet,


|GS = 0.99J = 5/2, Jz = ± 21


+ 0.12J = 7/2, Jz = ± 21 .
This goes along with a reduction of the magnetic moment μ c
from 0.45μB to 0.33μB as calculated from the CEF model.
The further impact of Ǎ06 on the excited states is listed in Table
S1 in Ref. [17]. On the contrary, (M/H )−1
H ⊥c (blue dots) is
unaffected by Ǎ06 and we attribute its deviation from the CEFonly calculation for T < 400 K to the Kondo effect [12].
The classical tool for determining the CEF scheme in
rare-earth compounds is INS so that compatibility of RIXS and
INS data is essential. Figure 4 shows time-of-flight INS data
of polycrystalline CeRu4 Sn6 on an absolute intensity scale.
Polycrystalline LaRu4 Sn6 was measured as a nonmagnetic

FIG. 4. Inelastic neutron scattering (INS) data at 5 K of CeRu4 Sn6
−1
(blue dots) at low momentum transfers (Q = 2.2 Å ) compared
to the nuclear scattering of high to low Q scaled CeRu4 Sn6 (open
dots) and nonmagnetic scattering-length corrected low Q LaRu4 Sn6
(cyan line) (see Supplemental Material [17]). The strong elastic
scattering has been divided by a factor of 100. Inset: Magnetic
scattering as determined from the difference of low Q CeRu4 Sn6
and high to low Q scaled CeRu4 Sn6 nuclear scattering. All data are
normalized to absolute intensities.

reference compound. The low angle data are grouped for low
−1
momentum transfers Q = 2.2 Å where the magnetic form
factor is large. The spectra contain incoherent nuclear elastic
and inelastic (phonon) scattering as well as, in the case of Ce,
incoherent magnetic scattering (see the solid blue dots). To
extract the magnetic scattering, the nuclear contribution has
been assigned by high to low Q scaling (open dots) and
scaling of the nonmagnetic reference data (cyan line). More
experimental details as well as explanations of the phonon
correction are given in Ref. [17]. The difference of the solid
and open dots yields the magnetic scattering (see inset). There
is a clear peak at about 30 meV in agreement with RIXS. Its
magnetic origin has been further confirmed by comparing the
Ce and La data at large momentum transfers [see Fig. S3(a)
in Ref. [17]]. The second CEF excitation at 80–85 meV is not
only outside the energy window of the present INS experiment,
but it is also dipole forbidden (Jz = ±2), i.e., not observable
in an INS experiment. The integrated intensity of the excitation
at 30 meV is compatible with the CEF model that describes
the RIXS data, at 5 K as well as at 300 K (see Ref. [17]). It is
important to mention that high-resolution INS data (not shown)
confirm the absence of any lower-lying CEF excitation.
We now compare the RIXS and INS results with electronic
structure calculations. Wissgott et al. [37] performed density
functional theory (DFT) plus dynamical mean-field theory
(DMFT) calculations of CeRu4 Sn6 for treating the strong
correlation effects of f electrons of Ce and find a | 25 ; ± 21 
ground state with some mixing of the higher multiplet 2 F 27 and
with some contribution of | 25 ; ± 23  due to cf hybridization. Xu
et al. [16] performed LDA+Gutzwiller calculations and find
the same CEF ground state as Wissgott et al., but a stronger
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contribution of | 25 ; ± 25  than | 25 ; ± 23  mixed in by hybridization.
In RIXS, we find the | 25 ; ± 23  state at about 30 meV and the
| 25 ; ± 25  above 80 meV. Hence, the Wissgott et al. scenario
seems to be closer to the experiment.
In NIXS and XAS hybridization effects were seen in the
reduction of the ground-state dichroism [14]. In RIXS, it should
show in a modified elastic or quasielastic signal, but in the
elastic region RIXS is resolution limited and also hampered
by surface effects. However, the strongly asymmetric line
shape in the RIXS spectra is attributed to the strong cf
hybridization. We rule out that phonons are responsible for
the line shape because the CEF excitations in the RIXS spectra
of antiferromagnetic CeRh2 Si2 [19], a material with a much
lower Kondo temperature, are resolution limited (30 meV
Gaussian at FWHM). In CeRu4 Sn6 the excitations are in total
65 meV wide (FWHM): 15 meV Gaussian resolution limited
on the low-energy side and more than twice as much on the
high-energy side [see the gray lines in Fig. 2(b) and Eq. (1) in
Ref. [17]]. We therefore believe the decay into the continuum
due to the 4f -band hybridization, that is also responsible for
the Kondo-like physics in this material, leads to these strongly
asymmetric line shapes. Presently, these effects cannot be

calculated quantitatively, so that in the analysis the line shape
had to be treated empirically.
In summary, the soft RIXS study of CeRu4 Sn6 yields a
CEF potential with a 6 ground state and 7 states at about 30
and 85 meV with a mixing factor α ≈ 0 that reproduces the
high-temperature anisotropy of (M/H )−1 ; no adjustment of
energy transfers or mixing parameters was required to obtain
the excellent agreement. The introduction of the higher-order
CEF parameter Ǎ06 even reproduces the peak in M/H −1 at
about 60 K for fields parallel to c by reducing the magnetic
moment μ c of the ground state via intermultiplet mixing. It
might well be that here the J mixing mimics to some extent
the reduction of the ground-state moment due to the presence
of strong cf hybridization. The latter shows up in the RIXS
spectra as a strongly asymmetric line shape.
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