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Resonant inelastic x-ray scattering of spin-charge excitations in a Kondo system
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Resonant inelastic x-ray scattering (RIXS) studies across the Ce M5 edge have been carried out to investigate
the electronic structure of the ferromagnetic CeAgSb, Kondo system. The RIXS spectra exhibit energy loss
features corresponding to final states usually observed by combining photoemission and inverse photoemission
spectroscopy. At low energy loss, a clear signature of the spectral features corresponding to the spin-orbit
interaction is also observed. Polarization dependence provides evidence for the 'S, symmetry singlet ground
state by a total suppression of the f° final state. A simplified single-impurity Anderson model combined with
full multiplet theory allows an accurate description of the spin-charge excitations. The RIXS data also reveal a
strong temperature 7" dependence of the fluorescencelike structure. We conjecture that this behavior reflects the

T dependence of the Kondo resonance.

DOLI: 10.1103/PhysRevB.106.075141

I. INTRODUCTION

Cerium compounds exhibit very interesting electronic and
magnetic properties such as the Kondo effect, intermediate
valence, heavy-fermion behavior, and unconventional super-
conductivity (for a review see [1,2] and references therein).
These properties are due to the strongly localized 4 f electrons
and their hybridization with conduction band states. Theoret-
ically, the complete physics of f-electron systems is in the
periodic Anderson model. While a precise understanding of
electronic properties of Kondo systems requires a knowledge
of both the low- and high-energy scales, the main aspects of
the spectroscopic properties are satisfactorily described by the
single-impurity Anderson model (SIAM). The STAM contains
the high-energy scales (the energy of the localized f states
€y, the on-site Coulomb interaction Uy, and the hybridization
strength A) and also an emergent low-energy scale (the Kondo
energy kzTx) [3].

In the last few decades, the Kondo scenario for Ce com-
pounds has been extensively investigated by combining the
SIAM with high-energy electron spectroscopies such as core-
level and valence band photoemission spectroscopy (PES)
[4-11], inverse PES (IPES) [12-17], x-ray absorption spec-
troscopy (XAS) [4,18], and resonant IPES (RIPES) [19,20].
The SIAM utilizes f°, f!, and f? configurations with spin-
orbit interaction lifting the degeneracy of the 4f orbital to
J =5/2 and J = 7/2 for describing Ce-based systems. Hy-
bridization between the 4f states and the conduction band
states results in lifting the fsl/z degeneracy and stabilizes a
singlet Kondo state. This singlet state is a hybrid of the dif-
ferent configurations and lower in energy than the first excited
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magnetic states by the Kondo energy kg Tk . The singlet ground
state is expressed as

1G) = alf®) + bIfL,L) + clfi,L) + dIf°L%),

where L denotes a hole in the conduction band. Similarly,
the degeneracy of the f71/2 spin-orbit level is also lifted, and
a singlet state which resembles the Kondo ground state is also
formed and located at kg Tx + A, — kpT,., Where kpT,, stands
for the energy gain of the singlet formed from the J = 7/2
manifold [3]. While thermodynamic techniques yield access
to the low-energy scales (Kondo and crystal-field energies),
including coherence, it misses the high-energy scales. On
the other hand, electron spectroscopies in combination with
SIAM, while missing coherence properties, have, nonetheless,
established their role for precise understanding of high-energy
spectroscopy and Kondo energy scale properties. However,
the strong surface sensitivity of electron spectroscopy remains
an issue and makes RIXS important.

RIXS is a photon in/photon out technique able to directly
probe elementary excitations especially in strongly correlated
systems like Ce compounds [21,22]. The advantages of RIXS
spectroscopy are (i) its bulk sensitivity and (ii) its resonant
character, which allows us to enhance the 4f signal. For
example, the Ce M, s spectral feature associated with the
f° contribution in the ground state has a very small spec-
tral weight in low-Tx compounds, whereas the corresponding
feature in RIXS spectra exhibits a sizable intensity. More-
over, the initial and final states in RIXS are not governed
by dipole selection rules, so intrashell f-f transitions like
spin-orbit, crystal-field, and f! — f2? or f! — f0 excitations
are allowed. It was theoretically predicted by Kotani [23] that
RIXS spectroscopy can also probe the Kondo resonance in Ce
compounds.

©2022 American Physical Society
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Early measurements by Butorin et al. on an f° system
(CeOy) at the Ce M, 5 edge showed that RIXS is an efficient
way to determine charge excitations [24—-26]. Magnuson ef al.
[27] measured Ce My 5 and N4 s RIXS of the Kondo material
CeBg and determined the f' — f? charge excitation energies.
Dallera et al. then showed that polarization-dependent RIXS
is very useful for determining the degree of hybridization
between the localized and extended states on the well-known
«-Ce and y-Ce compounds [28]. More recently, the develop-
ment of high-resolution soft x-ray RIXS spectroscopy allowed
Amorese et al. to precisely access low-energy crystal-field and
spin-orbit excitations in Ce compounds [29-32].

In this paper, we report the results of a RIXS study on the
CeAgSb, Kondo compound. CeAgSb, is a weakly hybridized
compound with a low Kondo temperature estimated to be
Tx ~ 65 K from susceptibility [33] and to be ~60-80 K from
inelastic neutron scattering [34] as well as muon spin rotation
measurements [35]. However, a value of Tx ~ 23 K was also
proposed from an analysis based on the relation between
the Kondo temperature and the Wilson number [33]. While
the competition between the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction and the Kondo effect usually results in
an antiferromagnetic ground state when the RKKY interac-
tion is stronger than the Kondo effect, CeAgSb, exhibits an
unusual ferromagnetic ordering at 7o = 9.8 K [36]. In such
ferromagnetic Kondo lattices, the Kondo temperature is very
close to T¢, usually just above it [37]. Therefore, in CeAgSb,,
we can conclude that Tk is likely in the 10 —20 K range.
The weakly intermediate valence character was revealed by
high-resolution valence band PES, XAS at the M, 5 [38] edge,
and, more recently, Ce 4d-4f resonant PES measurements
[39].

We investigate the f' — f° and f! — f? charge excita-
tions and also f! — f! transitions close to the elastic peak
(Kondo resonance and spin-orbit satellite) in CeAgSb, using
Ce Ms edge RIXS. We simulate the spectra with calculations
based on the SIAM with a zero bandwidth of the conduction
band [40], combined with the full multiplet theory, by using
the QUANTY code [41,42]. We also study the drastic polariza-
tion dependence of the £ structure and the RIXS quasielastic
peak, which yields access to the symmetry of the ground
state [23,43]. Interestingly, we observe T dependence of the
fluorescencelike structure, which has not been reported to date
for any Kondo system, and we propose that this 7 dependence
reflects Kondo behavior.

II. EXPERIMENTAL DETAILS

We performed Ce Ms edge RIXS measurements of
CeAgSb, with the AGM-AGS spectrometer [44] at beamline
05A of the Taiwan Light Source of the National Synchrotron
Radiation Research Center, Taiwan. The scattering geometry
of the RIXS measurement is illustrated in Fig. S1 in the
Supplemental Material (SM) [45]. The surface of the single-
crystalline CeAgSb, sample was a naturally cleaved ab plane.
The incident angle 6 and the scattering angle ¢ were 20° and
90°, respectively. The RIXS spectra were recorded with the
polarization of the incident x ray that was switchable between
o and 7 polarizations, i.e., the electric field vector of the lin-
early polarized light perpendicular to and within the scattering
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FIG. 1. (a) Experimental Ce 3ds/,, x-ray absorption spectra of
CeAgSb, at 20 K. (b) Calculated XAS spectrum at the Ce M5 edge at
T = 0 K. (c) A set of RIXS spectra for different ~v values at 300 K
with o and 7 polarization. (d) Calculated RIXS spectra with o and
7 polarization at 7 = 0 K.

plane, respectively, and the polarization of the scattered x rays
was not analyzed. The total energy resolution of RIXS was
120 meV. The total energy resolution and calibration of the
energy loss were estimated by the elastic scattering peak of the
RIXS spectra of carbon tape, which were measured before and
after the RIXS measurement of CeAgSb, with o polarization.
The base pressure of the RIXS chamber was ~10~8. RIXS
spectra were recorded at temperatures from 20 K to room
temperature; the sample was cooled down with liquid helium.

The incident photon energies were determined by the Ce
Ms edge XAS measurement of CeAgSb, with the total-
fluorescence-yield method; the incident angle 6 was set to 40°,
and the fluorescence signal was detected by the photodiode
set at a scattering angle ¢ of 115°. The energy resolution of
XAS was ~0.3 eV. In our simulations, we describe the ground
state and the XAS and RIXS spectra in the framework of the
single-impurity Anderson model by neglecting the fact that
the ground state is ferromagnetic, and we focus on the Kondo
ground state. This is justified by the fact that all measurements
reported here were carried out for 7 > Tr. The simulation
details are given in Sec. B of the SM.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the Ce 3ds;» XAS spectrum at T =
20 K. It exhibits a structured feature around E = 881 eV
corresponding mainly to the well-known 3d5, > multiplet
states due to the strong interaction between the 3ds, core hole

075141-2



RESONANT INELASTIC X-RAY SCATTERING OF ...

PHYSICAL REVIEW B 106, 075141 (2022)

and the Ce 4f states [18]. There is also a very weak satellite
at E = 887 eV which corresponds to the 3d3, f" final states.

The intensity of this satellite in XAS spectra reflects the f°
contribution in the ground state [18,46]. Figure 1(c) shows a
set of RIXS spectra of CeAgSb, recorded at 7 = 300 K for
several incident photon energy hv values labeled A to H in
the XAS spectrum [Fig. 1(a)] across the Ce M5 edge. Two
different geometries are used for linearly polarized incident x
rays with the scattering angle fixed to 90° (see Fig. S1 in the
SM): (i) a polarized geometry, for which the incident x ray is
perpendicular to the scattering plane (o polarization), and (ii)
adepolarized geometry, for which the incident x ray is parallel
to the scattering plane (w polarization). When the incident
hv is tuned on the main peak of the XAS (point B), the
RIXS spectrum for both polarizations exhibits two features:
the quasielastic peak at nearly zero energy loss and a broad
structure at 4.5 eV loss energy which shows some variation
in peak shape and width on increasing Av. When hv is tuned
at the weak satellite (point G), an additional inelastic struc-
ture is observed at 2.7 eV energy loss in the o polarization.
The RIXS spectra exhibit a strong polarization dependence;
namely, the 2.7 eV structure is completely suppressed, and the
broad feature in the 3—7 eV range is reduced in 7 polarization.
Moreover, an additional inelastic scattering peak (indicated
by the vertical bars) corresponding to a constant scattering
photon energy is also observed and is therefore a clear sig-
nature of a fluorescence signal and will be discussed below.
By comparing RIXS data with PES and IPES spectra results
[12-17,38,39], the quasielastic peak is assigned to f ! final
states, the 2.7 eV feature is the f 0 final state, and the 3-7 eV
feature is the f> multiplet final states. Thus, all the charge
excitations observed in combined PES/IPES experiments can
be evidenced in RIXS.

In order to firmly establish the assignments, we calcu-
lated the XAS and RIXS spectra [Figs. 1(b) and 1(d)] using
a simplified Anderson impurity model combined with full
multiplet configuration-interaction calculations [47] using the
QUANTY code [41,42] (see the SM for calculation details).
The calculated RIXS results are compared with T = 300 K
experimental spectra, which is legitimated by the fact that the
experimental energy loss features are essentially 7' indepen-
dent (see Fig. S3 in the SM). The XAS and RIXS spectra
calculated for the same set of electronic parameters corre-
spond to an intermediate valence ground state (ny = 0.987)
and are in good agreement with the experimental spectra
shown in Figs. 1(a) and 1(b), except for the fluorescencelike
feature, which is not included in the model. While the f°
final state consists of a single peak with no multiplets and is
resonantly enhanced at the weak XAS satellite feature (point
G), the f? states show clear multiplet effects due to strong
4f-4f interactions. Indeed, when Av is tuned on point B, the
f? final states mainly consist of the *H multiplets. On increas-
ing hv from point B to C, the f? states evolve into two sets
of multiplets consisting mainly of the *H and *P multiplets.
Similar multiplet effects have been observed on the f? final
state of RIPES at the Ce N4 5 edge of cerium intermetallic
compounds [19]. It should be noted that it is impossible to
reproduce the f2 states in RIXS spectra without taking into
account the 3d°4 f3 configuration in the intermediate state (the
f? contribution in the ground state), and this is exemplified
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FIG. 2. (a) Total energy level scheme of RIXS of cerium Ms;
(initial, intermediate, and final states of the process) and the shape of
the RIXS spectrum with the different excitations. In the intermediate
state, the red and purple rectangles correspond to the 3d°4f3 and
3d°4f? configurations, respectively, which overlap. (b) Experimental
(T = 20 K) and calculated low energy loss RIXS structures in 7 and
o polarizations with the incident photon energy tuned on point B.

by the spectral changes seen on increasing Av from point B
to C. The 3d°4f3 energies are very close to the 3d°4 2 ones
since the negative core-hole-4 f Coulomb interactions nearly
compensate the additional f-f Coulomb repulsion in the f3
configuration [see Fig. 2(a)]. We would like to point out that
the spectral weight of the so-called f* structure is underes-
timated in the simulated spectra, especially for high photon
energies. Next, we discuss an original characteristic of the
RIXS spectra of cerium mixed-valence compounds, namely,
the drastic polarization dependence of the f* final state and
the quasielastic peak. Polarization dependence is very useful
to determine the symmetry of the ground state, which is given
either by the Kramers doublet due to the crystal-field effect in
a purely trivalent system or by 'Sy symmetry (singlet ground
state) for a mixed-valent Ce compound [23]. Nakazawa et al.
[43] theoretically showed that the polarization dependence of
the quasielastic peak and the f° features of CeO, are strongly
dependent on the scattering angle and disappears completely
in 7 polarization with a scattering angle of 90°. This was
confirmed experimentally by Watanabe et al. [48] and theoret-
ically by Sasabe et al. [49]. Indeed, since the ground state must
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have the same symmetry as the f° state due to hybridization,
its total angular momentum J is zero. Moreover, owing to
the experimental geometry (90° of scattering angle), the x-ray
emission (see Fig. S4 in the SM) in the z direction (which cor-
responds to an x-ray polarization ¢ = 0) is forbidden. Then,
following the dipole selection rule in the emission process
AM = +£1 (where M = 0 is the z component of the angular
momentum of the intermediate states), the f 0 final state and
the quasielastic peak are forbidden.

Looking closely at the RIXS spectra in the energy loss
range of 0.5 eV from the quasielastic peak [see Fig. 2(b)],
we expect to see low-energy excitations associated with the
Kondo energy, crystal-field, and spin-orbit interactions. Our
energy resolution (=100 meV) is not enough to resolve the
crystal-field features (~5 and 12 meV for CeAgSb,) which
contribute to the relatively broad quasielastic loss peak. The
spin-orbit energy in Ce compounds is known to be 280 %
10 meV [8-11] and can be resolved with our energy resolu-
tion. Finally, the Kondo resonance is expected in the spectral
function of the SIAM to be just above the Fermi level and
corresponds to the energy (kpTx) between the singlet Kondo
ground state and the excited manifold of magnetic f' states.
In order to study these low-energy excitations, RIXS spectra
were measured with an incident hv indicated by point B in
the XAS spectrum shown in Fig. 1(a). Indeed, at this en-
ergy the intermediate states dominated by the 3d°4f? decay
predominantly to states with f! character, i.e., in an energy
range close to the zero energy loss peak [see Fig. 2(a)]. As
mentioned above, the hybridization between the f states and
conduction band states lifts the degeneracy of the spin-orbit
levels, and two singlet states |\W) and |W,) are stabilized [see
Fig. 2(a)]. These two singlet states have zero total angular
momentum, whereas the corresponding excited states |W;)
and |W3) correspond to manifolds with fJ, and f7,, char-
acters, respectively. Figure 2(b) shows the experimental and
simulated RIXS spectra below 0.5 eV energy loss measured
with 7 and o polarizations for v indicated by point B. In the
o polarization, two features separated by 280 meV (matching
the spin-orbit energy) are observed with a dominant nearly
zero energy peak. This behavior is satisfactorily reproduced
by the calculation. The experimental peak near zero energy
loss is composed of two unresolved contributions, one corre-
sponding to the |Wy) final state and the second corresponding
to the |¥;) manifold, which appears as a shoulder in the
calculated spectrum. This is due to the fact that the singlet
stabilization in our zero conduction bandwidth SIAM can-
not provide the correct value of Tk (it is much larger than
the known Tx for CeAgSb,, and then it leads to a shoulder
feature at an overestimated energy). The second experimental
structure appearing close to 280 meV is a spin-orbit replicate.
It is also composed of two contributions corresponding to
transitions to the singlet |W;) state (with a very low spectral
weight) and to the |W3) manifold. As discussed above, in
the  polarization, the transitions to final states with zero
total angular momentum (|Wy) and |\W;)) are forbidden. Thus,
the spectrum exhibits only the two structures corresponding
to the transitions to the |W;) and |W¥3) final states. The 4f
spin-orbit energy (280 meV) estimated from the separation
energy of the two RIXS structures is in good agreement with
high-resolution PES measurements (280 meV) [8—11,38].
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FIG. 3. Temperature dependence of the fluorescencelike struc-
ture in (a) ¢ and (b) m polarizations. The incident photon energy
is tuned on the XAS satellite (spectrum G). (c¢) Evolution of the
intensity fluorescence-like structure in ¢ and 7 polarization with
temperature. (d) Temperature dependence of Any(T)/Ans(0) calcu-
lated using the ZZF approach.

Similarly, the polarization dependence of the RIXS spectra
with the incident Av equal to point G of the XAS satellite
(associated with intermediate states with a f! character) is
clearly evidenced in Figs. 3(a) and 3(b). As theoretically pre-
dicted, the f° final state is completely suppressed in the m
polarization, and by disregarding the fluorescencelike struc-
ture, the spectra are similar to those of a purely trivalent
compound. This behavior is nicely reproduced by the simu-
lations [see Fig. 1(d)] and confirms the 'S, symmetry of the
initial state. This brings us to the remaining feature seen in
the RIXS spectra, the fluorescence structure [vertical bars in
Fig. 1(c)]. Normal fluorescence, which appears for the inci-
dent hv tuned well above the threshold, was observed at 17
and 22 eV and attributed to the Sp — 3d emission [50] and
the MMN Coster-Kronig transition (3ds;, — 3d3/, emission)
[27]. The structure observed at 6 eV loss energy for v at point
G is attributed to a fluorescencelike structure to discriminate
it from the normal fluorescence and has also been observed in
CeBg¢ [27] and CeO, [48] but not in CeF5 [51]. Since it has
the highest intensity at Av at point G, it is likely associated
with the £° character in the ground state. Kotani [52] proposed
that in d° compounds, such a fluorescencelike structure is
associated with a mechanism in which an excited 3d electron
can escape to the neighboring site when incident Av is tuned
on the XAS satellite f© — f! peak. Figures 3(a) and 3(b)
show the T" dependence of RIXS spectra with the incident hv
tuned on the XAS satellite (point G). It is well known that
the XAS satellite intensity exhibits a 7 dependence which
follows a universal scaling behavior as a function of T /T
like the Kondo resonance in IPES [3,13,53,54]. Indeed, the
XAS spectra appear to be similar to those of purely trivalent
compounds at high T > Tk, whereas at low T <K Tk an
additional structure is observed which reflects mixed-valence
character [39]. Interestingly, the fluorescencelike structure ex-
hibits a strong 7" dependence.
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In the SIAM, the Kondo resonance and its spin-orbit repli-
cas exhibit a temperature dependence reflecting the Kondo
energy and the breakdown of the Kondo singlet state [3]. If
the crystal-field interaction is included in the calculations,
additional Kondo replicas appear at the energies of the excited
crystal electric field (CEF) levels, and all of them exhibit
the temperature dependence driven by the Kondo energy, as
shown experimentally by Ehm ez al. [10]. Core level photoe-
mission and 3d XAS spectra also reflect this Kondo energy.
Indeed, as discussed above, the intensity of the XAS satellite
structure reflects the degree of delocalization of the f states in
the ground state, and no fluorescencelike structure is observed
in the RIXS spectra of the purely trivalent CeF3 compound.
Moreover, with increasing 7', the purely trivalent first excited
states located at kgTx are progressively populated, and no
fluorescence is expected for these states, similar to the CeF3
ground state. A strong 7' dependence is actually observed in
both 7 and o polarizations [Fig. 3(c)], leading us to con-
jecture that this dependence could reflect the Kondo energy
scale. This scenario is corroborated by a comparison with
the calculation of the T dependence of the f° weight in the
ground state [Ang(T) =1 — ny(T)]. We used the Zwicknagl,
Zevin and Fulde (ZZF) approach [55,56], a well-established
simplification of the noncrossing approximation in the SIAM
including the crystal-field interaction. We performed the cal-
culation with n(0) = 0.987 and using a I's ground state, with
'} and I'7 crystal-field excited states at 5 and 12 meV, re-
spectively, and the results suggest qualitative consistency with
the T -dependent fluorescence intensity [Fig. 3(d)]. Neverthe-
less, a many-body description of the fluorescence structure
in temperature-dependent simulations of RIXS spectra, for
example, in the noncrossing approximation of the SIAM, is
required to confirm the interplay of the Kondo energy scale
and the fluorescence structure.

We propose a mechanism similar to the one proposed by
Kotani for d° systems recently assigned as an indirect RIXS
process [57]. When the incident hv energy is tuned on the
XAS f° structure, which reflects an admixture of the 4f
states with the continuum, a conduction electron escapes to
the 4f state, leaving behind a hole in the conduction band.

The probability of this process 3d'%4f° — 34°4f' —
3d°4f* +L — 3d'4f' (with L denoting a hole in the
conduction band) increases with the hybridization strength
between the f states and the conduction states. Therefore,
the weight of the fluorescence structure would depend on
the weight of the f° configuration in the initial state. This
is compatible with the fact that the RIXS spectrum of a
purely trivalent compound like CeF3 does not exhibit such
a fluorescence structure. Moreover, in a Kondo system with
a contribution of the f° configuration in the ground state, its
intensity should be proportional to 1 — ny, and accordingly,
its intensity should decrease with increasing temperature with
a progressive breakdown of the Kondo singlet and the popu-
lation of f! states. This is in qualitative agreement with the
observed behavior.

IV. CONCLUSIONS

We have shown that Ce M5 edge resonant inelastic x-ray
scattering spectroscopy is a powerful technique to measure the
spin and charge excitations in Ce-based Kondo systems. By
tuning the incident photon energy around the main and XAS
satellite structures, we have investigated the electronic struc-
ture of the CeAgSb, Kondo system. We determined the f! —
f* and f! — f° charge excitations as well as the spin-orbit
excitation. We exploited the polarization dependence which
allows the determination the symmetry of the ground state.
All spin and charge excitations are well understood in the
framework of the single-impurity Anderson model combined
with the full multiplet theory. We also evidenced a strong T
dependence of the fluorescencelike structure that we interpret
as evidence of the Kondo energy scale.
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