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Observation of spin-orbit excitations and Hund’s multiplets in Ca2RuO4
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We use Ru L3-edge (2838.5 eV) resonant inelastic x-ray scattering (RIXS) to quantify the electronic structure
of Ca2RuO4, a layered 4d-electron compound that exhibits a correlation-driven metal-insulator transition
and unconventional antiferromagnetism. We observe a series of Ru intraionic transitions whose energies and
intensities are well described by model calculations. In particular, we find a J = 0 → 2 spin-orbit excitation
at 320 meV, as well as Hund’s-rule driven S = 1 → 0 spin-state transitions at 750 and 1000 meV. The energy
of these three features uniquely determines the spin-orbit coupling, tetragonal crystal-field energy, and Hund’s
rule interaction. The parameters inferred from the RIXS spectra are in excellent agreement with the picture of
excitonic magnetism that has been devised to explain the collective modes of the antiferromagnetic state. L3-edge
RIXS of Ru compounds and other 4d-electron materials thus enables direct measurements of interactions
parameters that are essential for realistic model calculations.
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I. INTRODUCTION

The influence of spin-orbit coupling (SOC) on the phase
behavior of compounds with orbitally degenerate d electrons
has been a subject of intense recent interest [1–4]. Promi-
nent examples include highly frustrated (“Kitaev”) exchange
interactions and spin-liquid correlations in Mott insulators
with strong SOC [5–9], as well as profound SOC-induced
modifications of the band topology and superconducting pair-
ing interaction in d-electron metals [10–15]. Materials with
4d valence electrons are a particularly versatile platform for
the exploration of SOC-driven phenomena. Next to widely
studied model compounds such as the Kitaev spin-liquid can-
didate RuCl3 [16,17] and the unconventional superconductor
Sr2RuO4 [18,19], an emerging research frontier addresses
collective phenomena in 4d-electron materials exhibiting
correlation-driven metal-insulator transitions [20–25]. Real-
istic modeling of these phenomena is difficult, because the
SOC of 4d electrons is comparable in magnitude to other
local interactions, including the Hund’s rule and ligand-field
interactions. Accurate measurements of the strength of these
interactions are essential for realistic model calculations of the
physical properties of 4d-electron systems.

We have built a spectrometer for resonant inelastic x-ray
scattering (RIXS) that allows direct measurements of the
hierarchy of low-energy electronic interactions in 4d-metal
compounds [26]. We present RIXS results on Ca2RuO4, an
isovalent analog of Sr2RuO4 that is based on Ru4+ ions
(electron configuration 4d4) in RuO2 square planes. Ca2RuO4

has recently attracted much attention due to its Mott insulator-
to-metal transition that can be driven by temperature [27],
hydrostatic pressure [28], epitaxial strain [29], chemical sub-

stitution [30], and electrical current [31–33]. Experiments in
the insulating state revealed antiferromagnetic order with an
unconventional excitation spectrum composed of a soft longi-
tudinal (“Higgs”) mode and transverse magnons with a large
gap [23–25]. These data can be understood in terms of a model
based on competition between the intra-atomic SOC (ξ ) of the
Ru d electrons and the interatomic exchange interaction [22].
While the former imposes a non-magnetic |J = 0〉 ground
state (where J is the quantum number for the total angular
momentum), the latter promotes the condensation of |J = 1〉
excitons into the antiferromagnetically ordered state via a
mechanism that has been termed “excitonic magnetism” [22].
The tetragonal crystal field of strength � acting on the Ru
4d electrons splits the degeneracy of the |J = 1〉 manifold
and extends the stability range of antiferromagnetism. Even
in its insulating state, the phase behavior of Ca2RuO4 is thus
controlled by a delicate balance between different interactions
that have to be determined experimentally to arrive at a
microscopic understanding of the magnetic ground state and
excitations. To understand the insulator-metal transition and
the multiple instabilities in the metallic state, the Hund’s rule
interaction, JH, is also of crucial importance.

Using RIXS at the dipole-active Ru L3 edge (2838.5 eV),
we have uncovered a series of sharp electronic excitations in
Ca2RuO4 from which we were able to accurately extract the
parameters ξ , �, and JH, in analogy to recent Ir L3-edge RIXS
experiments on iridates with 5d valence electrons [34,35]. In
particular, we find a strong SOC-driven J = 0 → 2 excitation
at 320 meV and directly observe Hund’s-rule driven S = 1 →
0 spin-state transitions, split by the tetragonal crystal field,
at 750 and 1000 meV. Magnetic excitations are observed
at ∼50 meV, consistent with neutron and Raman scattering

2469-9950/2019/100(4)/045123(8) 045123-1 ©2019 American Physical Society



H. GRETARSSON et al. PHYSICAL REVIEW B 100, 045123 (2019)

results [23,24]. At higher energies (2–4 eV), multiplets corre-
sponding to excitations from the t2g ground-state manifold of
the Ru ions into the eg crystal-field levels are seen, so that the
cubic component of the crystal-field energy, 10Dq, can also
be extracted from the RIXS spectra. The set of microscopic
parameters obtained in this way specifies the low-energy
Hamiltonian and places Ca2RuO4 into the regime of excitonic
magnetism [22–24]. The results demonstrate the power of
RIXS in elucidating the electronic structure of ruthenates and
other 4d-metal compounds.

II. EXPERIMENTAL DETAILS

The RIXS experiments were carried out at beamline P01 at
the PETRA-III synchrotron at DESY, using the recently built
IRIXS (Intermediate x-ray energy RIXS) spectrometer [26].
A cryogenically cooled Si(111) two-bounce monochromator
and a secondary Si(111) channel-cut monochromator (asym-
metrically cut) were used to give an incoming bandwidth of
∼130 meV at 2.840 keV. A spherical (1 m radius) diced SiO2

(102̄) analyzer (for details on fabrication see Ref. [36]) was
used to obtain an overall energy resolution of �E ∼ 160 meV
(for details see Appendix A). A single crystal of Ca2RuO4

was grown by the floating zone method [37]. The lattice
parameters of a = 5.4 Å, b = 5.5 Å, and c = 11.9 Å were
determined by x-ray powder diffraction, in good agreement
with the parameters reported in the literature [38]. Due to twin
domains we do not distinguish between a and b axes. The
magnetic ordering temperature TN = 110 K was determined
by magnetometry. The RIXS experiment was carried out using
the geometry displayed in Fig. 1(a), and the temperature was
kept at 12 K unless stated otherwise. The crystal was mounted
in the [H, H, L] scattering plane (orthorhombic unit cell). The
outgoing photons were detected at a fixed angle of 90◦ with
respect to the incoming photons. To determine the energy of
the elastic line, we measured scattering from a carbon tape
placed adjacent to the sample.

III. EXPERIMENTAL RESULTS

A. Incident energy dependence

Figure 1(b) shows the Ru L3-edge x-ray absorption spec-
trum of Ca2RuO4. The data were collected at room tempera-
ture in the total fluorescence yield mode. The sample normal
(c-axis) subtended an angle of θ = 30◦ with the incoming
photon polarization. Two features can be observed at incident
energies of E1 = 2838.5 eV and E2 = 2841 eV, correspond-
ing to the 2p3/2 → 4d t2g and 2p3/2 → 4d eg transition,
respectively. The splitting between these two features (2.5 eV)
is in good agreement with results on other Ru d4 systems [39].

In Fig. 1(c) we plot the incident energy (Ei) dependence
of a low-resolution RIXS spectrum (�E ∼ 900 meV) across
the Ru L3 edge. For Ei = E1, features A and C display reso-
nances, while B and D resonate at Ei = E2 (dashed vertical
white lines). This observation shows that A and C (B and D)
originate from transitions into the same unoccupied t2g (eg)
manifold, but differ in their final state. We can thus identify
A and B as “dd-excitations” originating from intra-t2g and
t2g → eg excitations, respectively, while C and D most likely
originate from charge-transfer excitations. Above the Ru L3
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FIG. 1. (a) Geometry of the RIXS experiment. The incoming and
outgoing photon beams subtend a fixed angle of 90◦. By varying
the angle θ between the incoming beam and the RuO2 planes of
Ca2RuO4, the incoming photon polarization (π ) can be changed from
E//c (θ = 0◦) to E//ab (θ = 90◦). (b) X-ray absorption spectrum
(XAS) collected at the Ru L3 edge of Ca2RuO4. The red triangles (E1

and E2) represent excitations into the empty Ru 4d t2g and eg orbitals,
respectively. (c) Color map of the incident-energy dependence of the
RIXS spectrum across the Ru L3 edge. The vertical white dashed
lines show the resonance energies (E1 and E2) of features A/C and
B/D. All data were collected at room temperature.

edge (Ei > 2845 eV), the Lβ2,15 emission line of Ca2RuO4 is
seen (dashed white arrows).

B. Fine structure and polarization dependence

The data in Fig. 1(c) imply that excitations within the t2g

multiplets [feature A in Fig. 1(c)] are resonantly enhanced
at Ei = E1 and appear only below 1 eV. Armed with this
result, we can now study the fine structure of feature A.
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FIG. 2. (a) RIXS spectrum of Ca2RuO4 collected for incident energy E1 = 2838.5 eV. The sample was kept at a temperature of 12 K while
varying the incident angle θ . Each spectrum was shifted vertically for clarity. (b) Fitted RIXS spectrum taken at θ = 60◦. The vertical white
bars are a result of multiplet calculations (see text). (c) Intensity of the A2 (A3 and A4) feature as a function of θ . The data were normalized
to the value at θ = 9◦ (45◦); solid curves represent theory results. (d) The t4

2g multiplet energy levels as a function of �/ξ . The SOC was
fixed at ξ = 0.13 eV. Hund’s coupling separates the multiplet into levels with different spin S and orbital angular momentum L. The shaded
region below 0.4 eV is magnified on the right hand side for the detailed structure of the S = 1 states. For large values of �, the lowest three
levels (J = 0 ground state, and Jz = ±1 doublet at Eso) form an effective S̃ = 1 system hosting excitonic magnetic order [22,23]. (e) Spin-orbit
excitation energy Eso (see inset) as a function of JH/ξ at different values of the tetragonal crystal field �/ξ . The limiting case of JH/ξ = 0 (∞)
corresponds to the so-called j j-coupling (LS-coupling) scheme. The location of Ca2RuO4 with JH/ξ � 2.6 and �/ξ � 2 is indicated.

In Fig. 2(a), high-resolution RIXS spectra (�E ∼ 160 meV)
of Ca2RuO4 are plotted for multiple θ values. Each spectrum
was normalized to the intensity in the featureless spectral
region between 1.3 and 1.5 eV [40,41]. Inspection of the
spectrum collected at θ = 60◦ reveals that feature A consists
of four components (A1–A4): a quasielastic line followed by
three peaks between 0 and 1 eV. We note that the lack of strong
elastic scattering is not unexpected and is an indicator of good
crystal quality [42]. At higher energy losses an electronic
continuum appears [43], followed by the eg multiplets B1

and B2 at ∼2.3 and 3.3 eV, respectively. By lowering θ the
spectrum changes dramatically. The intensity of feature A2,
which is comparable to the other features at higher θ , becomes
dominant. It is also clear that A2 exhibits an asymmetric
lineshape that likely originates from more than one excitation
whose splitting is below our resolution.

To extract the energies and intensities of the spectral fea-
tures from the high-resolution RIXS data in Fig. 2(a), we fitted
each spectrum using a superposition of four profiles. A set of
three Gaussian functions were used to represent A1, A3, and
A4, while an antisymmetric Lorentzian was used to model the
asymmetric A2 feature. An example of the fit can be seen in
Fig. 2(b). The solid black line is the result of the complete
fit, and filled features represent the individual contributions.
The fit yields energies of 50 meV for A1, 320 meV for A2,
and 750 (1000) meV for A3 (A4) (see Appendix A). We note
that within the energy resolution of our instrument the peaks

do not disperse when varying the momentum transfer via the
incident angle θ .

We now address the photon polarization dependence of the
RIXS intensity, which is also modulated by θ and provides
additional clues to the origin of the different features. When
increasing θ , the polarization of the incoming photon moves
from the sample c axis into the ab plane. Figure 2(c) shows
the intensity of feature A2 (normalized to the value at θ = 9◦)
as a function of θ . The plot thus clearly demonstrates a strong
polarization dependence of the A2 intensity. On the right hand
side we show a similar plot for A3 and A4, where the intensity
was normalized to its value at θ = 45◦ [44]. Different from
the A2 feature, A3 largely retains its intensity while A4 shows
suppression with increasing θ .

IV. THEORETICAL INTERPRETATION

To gain insight into the origin of the multiple features
seen in our RIXS spectra, we have carried out ionic model
calculations that quantify the energy levels of Ru d4 multiplets
and corresponding RIXS intensities. The Hamiltonian we use
is standard and includes intra-ionic Hund’s coupling JH, spin-
orbit coupling ξ , tetragonal �, and cubic 10Dq crystal field
splittings; see Appendix B for its explicit form.

The ionic model has a rich multiplet structure but is local
in space, so it can be easily diagonalized numerically for
arbitrary parameter values. In Fig. 2(d) we plot the calculated
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energies of the t4
2g multiplets as a function of �/ξ . Hund’s rule

selects |S = 1, L = 1〉 as the lowest level of the t4
2g manifold

(black and red levels). At higher energies the system accom-
modates low-spin states |S = 0, L = 2〉 split by the tetragonal
crystal field � (green and violet levels). The SOC splits the
S = 1 manifold into |J = 0〉, |J = 1〉, and |J = 2〉 states, as
detailed in the right panel of Fig. 2(d). The tetragonal com-
pression then brings the |J = 1, Jz = ±1〉 doublet close to the
ground state singlet |J = 0〉, forming a three-level structure
that can be described by an effective S̃ = 1 low-energy model
[23,24]. The energy of the remaining |J = 1, Jz = 0〉 state is
raised by the compression, close to the |J = 2〉 states. The
energy of the |J = 2〉 states results from combined action of ξ

and � and gradually increases with �/ξ .
Based on the energy diagram in Fig. 2(d), we can assign

the A1 peak to magnetic transitions within the low-energy
singlet-doublet sector (black lines), A2 to spin-orbit J = 0 →
2 excitations (red lines), while A3 and A4 originate from JH-
driven spin-state transitions split by the tetragonal field �. The
peak positions depend sensitively on �, ξ , and JH, and an ex-
cellent fit is obtained for � = 0.25 eV, ξ = 0.13 eV, and JH =
0.34 eV. Note that the number of observable spectral features
A2, A3, and A4 uniquely determines all three parameters.

As a consistency check of the above assignment, we
have also calculated the RIXS intensities of the transitions
in Fig. 2(a), based on the scattering geometry in Fig. 1(a).
We used numerically obtained multiplet wave functions and
adopted the fast collision approximation [45] for the RIXS
operator (see Appendix C for details). The results obtained
for θ = 60◦ can be seen in Fig. 2(b) as white vertical bars,
and the polarization dependence of these transitions is plotted
as solid lines in Fig. 2(c). Overall the calculations agree very
well with the experimental observations. In particular, the J =
0 → 2 transitions A2 are strongly θ -dependent, as observed,
and the bifurcating behavior of the spin-state transitions is
reproduced—the lower peak A3 largely maintains its intensity
with increasing θ , while the upper peak A4 diminishes; see
Fig. 2(c).

To describe the dispersive magnons and amplitude (Higgs)
mode that give rise to the low-energy A1 feature, one has to go
beyond the local model. We have adopted the effective S̃ = 1
model of Refs. [23,24] that is built on the low-energy singlet-
doublet sector of the d4 ion; see Fig. 2(d). The corresponding
Hamiltonian can be represented as

HS̃ = J
∑
〈i j〉

S̃iS̃ j + Eso

∑
i

S̃2
zi, (1)

neglecting small anisotropy terms [23,24] which are not rele-
vant here. The exchange interaction J triggers a condensation
of S̃z = ±1 states, driving the system into a magnetically
ordered phase. The excitation spectra of the model have been
derived earlier; see Ref. [23]. We recovered the A1 feature
at ∼50 meV by using the parameters J = 5.8 meV and Eso =
27 meV [23]. The intensities of the magnon and Higgs modes
have been calculated using the RIXS operators for the S̃ = 1
model, given by Eq. (31) of Ref. [46]. For the wave-vectors
accessed in the current scattering geometry, these collective
modes are found to have a moderate intensity, comparable to
that of the local spin-orbital transitions A2–A4, consistent with

observations. In general, however, the theoretical calculations
(to be presented elsewhere [47]) show that the RIXS intensity
of these modes should be strongly enhanced near the magnetic
Bragg points.

The spin-orbit induced energy gap Eso between the J = 0
singlet ground state and the excited magnetic doublet |±1〉 in
Fig. 2(d) is a crucial parameter, which, in competition with
the exchange interactions, determines magnetic ordering in
Ca2RuO4 [22,23]. In general, the spin gap Eso depends on ξ ,
�, and JH, as illustrated in Fig. 2(e). This figure shows that
the spin-orbit induced magnetic gap Eso is always nonzero
for d4 ions, except in the unrealistic limit of �/ξ = ∞
and JH/ξ = ∞ (LS-coupling limit). With JH/ξ = 2.6 as
obtained above for Ca2RuO4, we find that corrections to the
LS-coupling scheme are sizable in ruthenates, raising Eso by
a factor of ∼3/2 from the value that would follow from the
LS-coupling approximation. This figure also suggests that
iridates with JH/ξ ∼ 0.6 (α ∼ π/6) are actually closer to the
j j-coupling regime.

Having fully quantified our RIXS data below 1 eV, we
now discuss the higher-energy spectra which show a two-peak
structure, B1 and B2, evolving into a broader single peak at
higher values of θ , see Fig. 2(a). This segment of the spectra
is dominated by multiplet transitions between the t4

2g and
t3
2geg electronic configurations, which can be readily analyzed

within the ionic model (see the Hamiltonian in Appendix B).
The calculated spectra in a broad energy window includ-

ing the t2g → eg transitions are shown in Fig. 3. We used
10Dq = 3.1 eV [48] and an eg orbital splitting �e = 2�.
The t4

2g → t3
2geg multiplet transitions are widely spread over

the energy window of ∼2–5 eV. The two-peak structure at
∼2.3 eV and ∼3.3 eV is clearly developed at small scattering
angles θ , in a qualitative agreement with the experimental
data in Fig. 2(a). We can assign the B1 and B2 features
to the high-spin |t3

2geg, S = 2〉 levels and the |t3
2geg, S = 1〉

states, respectively, see the spin-state labels in Fig. 3. The
splitting between both features is 3–4 JH. While increasing
θ suppresses the lower peak B1, the higher-energy B2 peak
(S = 1 states) transfers its spectral weight to lower energies,
gently shifting its position. We expect that strong Jahn-Teller
coupling of eg electrons to the lattice, and also coupling
to the underlying electronic continuum above the Mott gap
[43] should substantially broaden the t2g → eg high-energy
transitions. We also note that the calculated spectral weight
of the eg multiplets is seemingly stronger than observed in
the experiment, because the resonance profile is not explicitly
accounted for in our RIXS-intensity calculations.

V. DISCUSSION

We now compare our results to previous experimental and
theoretical work. The Hund’s rule coupling constant 0.34 eV
extracted from our RIXS results is comparable to the value
JH ∼ 0.4 eV that was obtained by fitting angle-resolved pho-
toemission spectroscopy data to a model based on dynamical
mean-field theory [49]. We note that JH is considerably larger
than that in iridates where JH ∼ 0.25 eV [35]. As a conse-
quence of covalency, the spin-orbit coupling parameter ξ =
0.13 eV is reduced from its free-ion value of ξ0 = 0.16 eV
by a so-called covalency factor κ � 0.81, which is typical
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for Ru-ions [50]. The tetragonal splitting � is in reasonable
agreement with first-principles calculations [51,52].

In recent O K-edge RIXS experiments [53,54] a low-
energy spin-orbit excitation was observed around 350 meV,
in reasonable agreement with our results. However, the spin-
state transitions at 750 and 1000 meV were not detected, most
likely due to their low intensities. As a result, these transitions
were instead assigned to a single broad feature at 1.3 eV,
resulting in a large JH ∼ 0.5 eV [54]. This difference is of
crucial importance since the spin-state transitions are split by
the tetragonal crystal field, and their observation is required to
obtain absolute values of � and ξ .

With the values of �, ξ , and JH obtained in our experiment,
and using the ionic model results in Fig. 2(e), we can estimate
the singlet-doublet gap Eso � 36 meV, to be compared with a
single-ion anisotropy term in the effective S̃ = 1 model. Our
estimate is somewhat larger than that deduced from neutron
scattering (27 meV) and Raman (31 meV) data [23,24]. The
difference may originate from renormalization of Eso by
effects beyond the ionic model, and/or due to softening of
spin-orbit exciton energy Eso by electron-phonon interactions
[55] that are not included in our calculations.

We observed that the transverse magnons and the Higgs
mode contribute to peak A1 at ∼50 meV, consistent with
Ref. [23]. However, these modes could not be individually

resolved here due to insufficient energy resolution. We note
also that in the [H, H, L] scattering plane used in our experi-
ment, the Bragg peaks are not accessed and thus these modes
do not show strong dispersion or intensity variations.

VI. CONCLUSIONS

We have presented an experimental investigation of
Ca2RuO4 using a newly built Ru L3-edge RIXS spectrometer,
and we quantified its basic electronic parameters JH, ξ , �, and
10Dq. The parameters we obtained confirm the spin-orbit en-
tangled nature of the low-energy states, lending strong support
to the picture of excitonic magnetism in Ca2RuO4 [22–24].
More generally, our findings will encourage further RIXS
studies of Ca2RuO4 and other 4d-metal compounds, including
the emergence of new phases in doped single crystals [56,57]
and the magnetic dynamics in strained thin films [29].
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APPENDIX A: ENERGY RESOLUTION AND
PEAK POSITIONS

The total energy resolution of the IRIXS instrument can be
approximated using the following formula:

�E ≈
√

�Ei
2 + �Ea

2 + �Eg
2, (A1)

where �Ei = 130 meV is the incoming x-ray bandwidth,
�Ea = 60 meV is the intrinsic resolution of the SiO2(102̄)
analyzer, and �Eg ≈ 60 meV is the general geometric con-
tribution, including the Johann error [58]. This approxima-
tion gives �E ≈ 160 meV and is in excellent agreement
with our measurements of the elastic line from a carbon
tape [Fig. 4(a)]. The data in Fig. 4(a) were fitted using a
pseudo-Voigt function which consists of a linear combination
of Lorentzian and Gaussian profiles with equal widths and
amplitudes.

In Fig. 4(b) we plot the peak positions of features A2,
A3, and A4 as a function of the angle θ . The two extreme
data points for A2 correspond to a momentum transfer q ≈
±(0.7, 0.7) (orthorhombic notation). We were not able to
observe any dispersion within our instrumental resolution.
The dashed horizontal lines represent the peak positions (320,
750, and 1000 meV) used for comparison with the theoretical
calculations.

APPENDIX B: IONIC MODEL HAMILTONIAN

The energy levels and multielectron wave functions |dn〉
of the Ru-ion are obtained by diagonalizing the Hamiltonian
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which includes the intraionic Coulomb interactions, spin-
orbit coupling, and crystal fields. The Coulomb interaction
is expressed in terms of Kanamori parameters U , U ′, and JH

[59,60] as follows:

HC = U
∑

m

nm↑nm↓ + U ′ ∑
m =m′

nm↑nm′↓

+ (U ′ − JH)
∑

m<m′,σ

nmσ nm′σ − JH

∑
m =m′

d†
m↑dm↓d†

m′↓dm′↑

+ JH

∑
m =m′

d†
m↑d†

m↓dm′↓dm′↑, (B1)

under the widely adopted approximation U ′ = U − 2JH.
Here, U (U ′) correspond to intra (inter)-orbital repulsion, and
the JH terms describe the interorbital Hund’s exchange and
pair-hopping interactions. d†

m↑ and nm↑ are electron creation
and density operators, correspondingly. The spin-orbit cou-
pling Hso, and crystal fields of cubic Hcub and tetragonal Htetra

symmetries are parameterized as follows:

Hso = ξ
∑

i

�li · �si, (B2)

Hcub = 10Dq

[
3

5
neg − 2

5
nt2g

]
, (B3)

Htetra = 1
3�(nxz + nyz − 2nxy) + 1

2�e(nz2 − nx2−y2 ). (B4)

We note that the coupling constants in the above Hamilto-
nians are effective model parameters whose values are gener-
ally smaller than those for free-ions, because they are affected
by p-d covalency effects in a solid [50].

Numerical diagonalization of the above Hamiltonians re-
sults in the spin-orbital energy levels discussed in the main
text. The corresponding multielectron wave functions |dn〉
(obtained as a linear combination of Slater determinants) are
used to evaluate the RIXS matrix elements and intensities.

APPENDIX C: RIXS INTENSITY CALCULATIONS

To calculate the RIXS intensity at the Ru L3 edge, we
use the dipole moment operator P = (Px, Py, Pz ) which brings
core electrons from the 2p3/2 level to the 4d states, and vice
versa. Its x component can be written as [46]

Px = (d†
zx pz + d†

xy py) + 2√
3

d†
x2 px, (C1)

where d and p annihilate an electron in the respective orbitals.
Py/z can be derived using cyclic permutation. For shorthand
notation of the d orbitals we use dz2 = d3z2−r2 and dx2/y2 =
− 1

2 dz2 ±
√

3
2 dx2−y2 . Within the fast collision approximation

[45], the RIXS operators are described as subsequent Pα and
Pβ dipolar transitions:

R =
∑
α,β

Rαβε′
αεβ,

Rαβ ∝
∑

{
dn+1 p3

3/2

}
〈
dn′|P+

α |dn+1 p3
3/2

〉〈
dn+1 p3

3/2|Pβ |dn
〉
, (C2)

where α and β are x, y, or z, and ε (ε′) are the incoming (out-
going) light polarization vectors. The approximation assumes
that the time dynamics of the intermediate states |dn+1 p5〉 is
faster than that of the low-energy final excitations of interest
(e.g., magnons and spin-state transitions). This makes our
calculation independent of the incident photon energy. In the
present experimental scattering geometry, the light polariza-
tion vectors depend on the angle θ in the following manner:

επ
in =

(
sin θ√

2
,

sin θ√
2

,− cos θ

)
,

επ ′
out =

(
cos θ√

2
,

cos θ√
2

, sin θ

)
,

εσ ′
out =

(−1√
2
,

1√
2
, 0

)
. (C3)

The numerically obtained multiplet wave functions |dn〉
are substituted in Eq. (C2) to calculate the RIXS intensities
of the non-dispersive features A2, A3, and A4, as well as
t2g → eg transitions B1 and B2. To describe the A1 peak, which

045123-6
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originates from the dispersive magnons and the amplitude
mode, one has to go beyond the local model; we evaluated

its dispersion and intensity using the effective S̃ = 1 model of
Eq. (1) in the main text.

[1] W. Witczak-Krempa, G. Chen, Y. B. Kim, and L. Balents, Annu.
Rev. Condens. Matter Phys. 5, 57 (2014).

[2] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Annu. Rev. Condens.
Matter Phys. 7, 195 (2016).

[3] S. M. Winter, A. A. Tsirlin, M. Daghofer, J. van den Brink, Y.
Singh, P. Gegenwart, and R. Valentí, J. Phys.: Condens. Matter
29, 493002 (2017).

[4] J. Bertinshaw, Y. K. Kim, G. Khaliullin, and B. J. Kim, Annu.
Rev. Condens. Matter Phys. 10, 315 (2019).

[5] G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 017205
(2009).

[6] J. Chaloupka, G. Jackeli, and G. Khaliullin, Phys. Rev. Lett.
105, 027204 (2010).

[7] S. H. Chun, J.-W. Kim, J. Kim, H. Zheng, C. C. Stoumpos, C. D.
Malliakas, J. F. Mitchell, K. Mehlawat, Y. Singh, Y. Choi, T.
Gog, A. Al-Zein, M. Moretti Sala, M. Krisch, J. Chaloupka, G.
Jackeli, G. Khaliullin, and B. J. Kim, Nat. Phys. 11, 462 (2015).

[8] K. Kitagawa, T. Takayama, Y. Matsumoto, A. Kato, R. Takano,
Y. Kishimoto, S. Bette, R. Dinnebier, G. Jackeli, and H. Takagi,
Nature 554, 341 (2018).

[9] H. Takagi, T. Takayama, G. Jackeli, G. Khaliullin, and S. E.
Nagler, Nat. Rev. Phys. 1, 264 (2019).

[10] G. Khaliullin, W. Koshibae, and S. Maekawa, Phys. Rev. Lett.
93, 176401 (2004).

[11] A. Shitade, H. Katsura, J. Kuneš, X.-L. Qi, S.-C. Zhang, and N.
Nagaosa, Phys. Rev. Lett. 102, 256403 (2009).

[12] M. W. Haverkort, I. S. Elfimov, L. H. Tjeng, G. A. Sawatzky,
and A. Damascelli, Phys. Rev. Lett. 101, 026406 (2008).

[13] C. N. Veenstra, Z.-H. Zhu, M. Raichle, B. M. Ludbrook, A.
Nicolaou, B. Slomski, G. Landolt, S. Kittaka, Y. Maeno, J. H.
Dil, I. S. Elfimov, M. W. Haverkort, and A. Damascelli, Phys.
Rev. Lett. 112, 127002 (2014).

[14] S. V. Borisenko, D. V. Evtushinsky, Z.-H. Liu, I. Morozov, R.
Kappenberger, S. Wurmehl, B. Büchner, A. N. Yaresko, T. K.
Kim, M. Hoesch, T. Wolf, and N. D. Zhigadlo, Nat. Phys. 12,
311 (2016).

[15] M. H. Christensen, P. P. Orth, B. M. Andersen, and R. M.
Fernandes, Phys. Rev. Lett. 121, 057001 (2018).

[16] K. W. Plumb, J. P. Clancy, L. J. Sandilands, V. V. Shankar, Y. F.
Hu, K. S. Burch, H. Y. Kee, and Y. J. Kim, Phys. Rev. B 90,
041112(R) (2014).

[17] A. Banerjee, J. Yan, J. Knolle, C. A. Bridges, M. B. Stone,
M. D. Lumsden, D. G. Mandrus, D. A. Tennant, R. Moessner,
and S. E. Nagler, Science 356, 1055 (2017).

[18] A. P. Mackenzie and Y. Maeno, Rev. Mod. Phys. 75, 657
(2003).

[19] Y. Maeno, S. Kittaka, T. Nomura, S. Yonezawa, and K. Ishida,
J. Phys. Soc. Jpn. 81, 011009 (2012).

[20] T. Mizokawa, L. H. Tjeng, G. A. Sawatzky, G. Ghiringhelli, O.
Tjernberg, N. B. Brookes, H. Fukazawa, S. Nakatsuji, and Y.
Maeno, Phys. Rev. Lett. 87, 077202 (2001).

[21] S. Lee, J.-G. Park, D. T. Adroja, D. Khomskii, S. Streltsov,
K. A. McEwen, H. Sakai, K. Yoshimura, V. I. Anisimov, D.
Mori, R. Kanno, and R. Ibberson, Nat. Mater. 5, 471 (2006).

[22] G. Khaliullin, Phys. Rev. Lett. 111, 197201 (2013).
[23] A. Jain, M. Krautloher, J. Porras, G. H. Ryu, D. P. Chen, D. L.

Abernathy, J. T. Park, A. Ivanov, J. Chaloupka, G. Khaliullin,
B. Keimer, and B. J. Kim, Nat. Phys. 13, 633 (2017).

[24] S.-M. Souliou, J. Chaloupka, G. Khaliullin, G. Ryu, A. Jain,
B. J. Kim, M. Le Tacon, and B. Keimer, Phys. Rev. Lett. 119,
067201 (2017).

[25] S. Kunkemöller, E. Komleva, S. V. Streltsov, S. Hoffmann, D. I.
Khomskii, P. Steffens, Y. Sidis, K. Schmalzl, and M. Braden,
Phys. Rev. B 95, 214408 (2017).

[26] H. Suzuki, H. Gretarsson, H. Ishikawa, K. Ueda, Z. Yang,
H. Liu, H. Kim, D. Kukusta, A. Yaresko, M. Minola, J. A.
Sears, S. Francoual, H.-C. Wille, J. Nuss, H. Takagi, B. J. Kim,
G. Khaliullin, H. Yavas, and B. Keimer, Nat. Mater. 18, 563
(2019).

[27] S. Nakatsuji and Y. Maeno, Phys. Rev. B 62, 6458 (2000).
[28] P. Steffens, O. Friedt, P. Alireza, W. G. Marshall, W. Schmidt, F.

Nakamura, S. Nakatsuji, Y. Maeno, R. Lengsdorf, M. M. Abd-
Elmeguid, and M. Braden, Phys. Rev. B 72, 094104 (2005).

[29] C. Dietl, S. K. Sinha, G. Christiani, Y. Khaydukov, T. Keller, D.
Putzky, S. Ibrahimkutty, P. Wochner, G. Logvenov, P. A. van
Aken, B. J. Kim, and B. Keimer, Appl. Phys. Lett. 112, 031902
(2018).

[30] P. Steffens, O. Friedt, Y. Sidis, P. Link, J. Kulda, K. Schmalzl,
S. Nakatsuji, and M. Braden, Phys. Rev. B 83, 054429 (2011).

[31] F. Nakamura, M. Sakaki, Y. Yamanaka, S. Tamaru, T. Suzuki,
and Y. Maeno, Sci. Rep. 3, 2536 (2013).

[32] R. Okazaki, Y. Nishina, Y. Yasui, F. Nakamura, T. Suzuki, and
I. Terasaki, J. Phys. Soc. Jpn. 82, 103702 (2013).

[33] C. Sow, S. Yonezawa, S. Kitamura, T. Oka, K. Kuroki, F.
Nakamura, and Y. Maeno, Science 358, 1084 (2017).

[34] M. M. Sala, K. Ohgushi, A. Al-Zein, Y. Hirata, G. Monaco, and
M. Krisch, Phys. Rev. Lett. 112, 176402 (2014).

[35] Bo Yuan, J. P. Clancy, A. M. Cook, C. M. Thompson, J.
Greedan, G. Cao, B. C. Jeon, T. W. Noh, M. H. Upton, D. Casa,
T. Gog, A. Paramekanti, and Y.-J. Kim, Phys. Rev. B 95, 235114
(2017).

[36] D. Ketenoglu, M. Harder, K. Klementiev, M. Upton, M.
Taherkhani, M. Spiwek, F.-U. Dill, H.-C. Wille, and H. Yavaş,
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