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We present a combined oxygen K-edge x-ray absorption spectroscopy and resonant inelastic x-ray scattering
(RIXS) study of the bilayer ruthenate Ca3Ru2O7. Our RIXS experiments on Ca3Ru2O7 were carried out on
the overlapping planar and interplanar oxygen resonances, which are distinguishable from the apical one.
Comparison to equivalent oxygen K-edge spectra recorded on band-Mott insulating Ca2RuO4 is made. In
contrast to Ca2RuO4 spectra, which contain excitations linked to Mott physics, Ca3Ru2O7 spectra feature
only intra-t2g ones that do not directly involve the Coulomb energy scale. As found in Ca2RuO4, we resolve
two intra-t2g excitations in Ca3Ru2O7. Moreover, the lowest lying excitation in Ca3Ru2O7 shows a significant
dispersion, revealing a collective character different from what is observed in Ca2RuO4. Theoretical modeling
supports the interpretation of this lowest energy excitation in Ca3Ru2O7 as a magnetic transverse mode with
multiparticle character, whereas the corresponding excitation in Ca2RuO4 is assigned to combined longitudinal
and transverse spin modes. These fundamental differences are discussed in terms of the inequivalent magnetic
ground-state manifestations in Ca2RuO4 and Ca3Ru2O7.

DOI: 10.1103/PhysRevB.102.235104

I. INTRODUCTION

Transition metal (TM) oxides with 4d valence electrons
often exhibit unconventional magnetic and electronic prop-
erties. These are dictated by the competition of comparable
energy scales set by local interactions, including the Hund’s
rule and crystal field (CF) terms, together with intrinsic spin-
orbit coupling (SOC) of TM ions. By entangling the electron
spin to the shape of the electronic cloud in the crystal, SOC
makes the electronic spin-orbital states highly sensitive to
the intersite connectivity and effective dimensionality of the
underlying lattice. One of the most important consequences
is the possibility to tune the relative strength of competing
magnetic interactions by varying the effective dimension-
ality in layered materials. Calcium-based ruthenates of the
Ruddlesden-Popper family Can+1RunO3n+1 offer one of the
richest playgrounds with a great variety of phenomenology.
The bilayer compound Ca3Ru2O7 and its derivatives have
been the subject of intense investigations due to a multitude of
interesting low-temperature properties, such as spin-valve and
giant magnetoresistance effects [1–8]. It has been established
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that Ca3Ru2O7 undergoes a magnetic transition at TN = 56 K
and an electronic transition at Ts = 48 K [9–11]. The lat-
ter transition is—due to a steep uprise of the out-of-plane
resistivity ρc [4]—sometimes referred to as a metal-insulator
transition even though the ground state is semimetallic
[10,11]. Another reason is the lattice response across Ts. Cool-
ing below Ts generates a c-axis lattice parameter compression
and, through the Poisson’s relation, an in-plane lattice pa-
rameter enhancement [12]. This resembles what happens at
the metal-insulator transition (350 K) of Ca2RuO4 [13,14].
There, the c-axis compression leads to an almost fully oc-
cupied dxy orbital and a Mott-gap opening in the half-filled
dxz and dyz bands. However, the effect in Ca3Ru2O7 is much
smaller (0.1% and >1% compression of the lattice parame-
ter c in Ca3Ru2O7 and Ca2RuO4, respectively) [12,15]. The
fact that both Ca3Ru2O7 and Ca2RuO4 undergo similar c-
axis compressive transitions but end up with different ground
states makes comparative studies interesting. In addition to
the electronic properties, the magnetic ground states of these
two compounds differ as well. Whereas Ca2RuO4 displays a
G-type antiferromagnetic state below TN = 110 K [16], the
in-plane magnetic moments in Ca3Ru2O7 order ferromag-
netically leading to an A-type antiferromagnetic state [12].
This difference in the in-plane magnetic order implies that
the interaction within the layers plays an important role for
the magnetic ground state of these compounds. The inves-
tigation of the magnetic and orbital degrees of freedom and
their excitation spectrum therefore offers a view on the com-
plex interplay between different energy scales relevant for the
ground state. In this respect, recent spectroscopic and neutron
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FIG. 1. (a) Schematically depicted RIXS geometry with respect to the crystal lattice of Ca3Ru2O7. Different oxygen sites in the
crystal structure are labeled as O(p), O(a), and O(ip) for planar, apical, and interplanar sites, respectively. Momentum dependence was
measured along the Ru-O direction. Therefore, the reciprocal space is indexed in tetragonal notation with aT ≈ bT ≈ 1/2

√
a2 + b2, where

a = 5.37 Å and b = 5.54 Å [12]. (b), (c) Background subtracted and normalized XAS spectra of Ca2RuO4 and Ca3Ru2O7, respectively. The
spectra were recorded with LH polarization near grazing and normal incident light directions as indicated. The dashed vertical black line
indicates apical, whereas the solid vertical black line indicates planar (Ca2RuO4) and overlapping planar and interplanar (Ca3Ru2O7) oxygen
resonances probing Ru t2g states. Dark blue data on Ca2RuO4 are taken from Ref. [19].

scattering measurements demonstrated that the magnetic
ordering in Ca2RuO4 may sustain both longitudinal and trans-
verse magnon modes with a large anisotropy gap, which
reflects the impact of broken tetragonal symmetry in combi-
nation with SOC [17–19].

In this paper, we present a combined oxygen K-edge x-ray
absorption spectroscopy (XAS) and resonant inelastic x-ray
scattering (RIXS) study of Ca3Ru2O7 and compare it to pre-
viously published work on Ca2RuO4 [19,20], with the aim to
investigate the distinctive fingerprints of the magnetic state in
the single and bilayer compounds. With this methodology, the
Ru 4d orbitals are accessed indirectly through their hybridiza-
tion with oxygen p orbitals. In this fashion, we probe the
two unoccupied t2g states. This indirect approach has routinely
been applied to different TM oxides [21–24].

Our study demonstrates that, in Ca3Ru2O7, only the two
lowest intra-t2g excitations are observed, whereas in Ca2RuO4,
the Mott insulating ground state produces a set of excitations
within the t2g subspace, which consists of two low-energy and
two mid/high-energy structures. An important difference—
the main observation reported here—is that the lowest lying
excitation exhibits a clear dispersive character in Ca3Ru2O7.
This marked collective behavior is not found with the corre-
sponding excitation in Ca2RuO4. The fundamentally different
magnetic ground states of Ca2RuO4 and Ca3Ru2O7 are there-
fore manifested in the excitation spectrum, both within the t2g

and between the t2g and eg sectors. We discuss this within the
theoretical framework of fast collision approximation for the
RIXS cross section [25,26]. Taking into account the different
magnetic ground states of Ca2RuO4 and Ca3Ru2O7, qualita-
tive agreement between calculated and observed RIXS spectra
is obtained. The model qualitatively describes the marked
differences in the RIXS spectra recorded on Ca2RuO4 and

Ca3Ru2O7. Moreover, we analyze the nature of the lowest
lying intra-t2g excitation. In this fashion, we show that this
excitation is magnetic in both compounds, but with fundamen-
tally different natures. In Ca2RuO4, the lowest lying excitation
is consistent with composite longitudinal amplitude and trans-
verse spin modes, whereas in Ca3Ru2O7 it has a dominant
transverse spin nature.

These results provide decisive evidence for the capability
of oxygen K-edge RIXS in probing the complex structure
of electronic excitations in 4d ruthenates. Particularly, it is
confirmed that the low-energy spin/orbital modes are also
directly accessible in virtue of modest SOC [23]. Such el-
ementary excitations reflect the balance among competing
interactions, being therefore crucial for revealing the origin of
emergent phases and for determining the low-energy Hamil-
tonian in layered ruthenates, where magnetic interactions are
no longer dictated by a global spin SU(2) symmetry alone.

II. METHODS

High quality single crystals of Ca3Ru2O7 were grown by
the floating zone techniques [27,28], aligned ex situ by x-ray
Laue and cleaved in situ using the top-post method. XAS and
RIXS [26] measurements were carried out at the ADRESS
beamline [29,30] of the Swiss Light Source (SLS) at the
Paul Scherrer Institut. The scattering geometry is indicated in
Fig. 1(a). A fixed angle of 130◦ between incident and scattered
light was used. In-plane momentum q|| = (h 2π/a, k 2π/b)
is varied by controlling the incident photon angle θ . In this
work, the reciprocal space is indexed in tetragonal notation.
Grazing and normal incidence conditions refer to θ ≈ 90◦
and 0◦, respectively. Linear vertical (LV) and horizontal (LH)
light polarizations were used to probe the oxygen K edge at
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FIG. 2. (a) RIXS spectra of Ca2RuO4 and Ca3Ru2O7 recorded with LH and LV polarization as indicated. To enhance visibility, the spectra
are given an individual vertical shift. Dark blue data on Ca2RuO4 are taken from Ref. [19]. (b) Zoom of (a) to show the low-energy excitations
labeled as A, B, C, and D. (c) Calculated RIXS spectra of Ca2RuO4 and Ca3Ru2O7 for LH and LV polarization.

which an energy resolution of 22.5 meV (Gaussian standard
deviation σ ) on Ca3Ru2O7 spectra was obtained. Elastic scat-
tering is modeled by a Gaussian line shape (see Appendix C
for details) with σ set by the energy resolution. The presented
data on Ca3Ru2O7 is collected at the base temperature T =
20 K unless otherwise indicated. Our experimental setup for
XAS and RIXS measurements on Ca3Ru2O7 is equivalent to
that previously used for measurements of Ca2RuO4. Addition-
ally, the energy resolution is comparable in both experiments
and the minor base temperature differences (16–20 K) are
negligible compared to the magnetic and electronic transitions
in the two systems. Therefore, results on the two compounds
are directly comparable.

III. RESULTS

The oxygen K-edge XAS spectra taken with LH light
polarization on Ca2RuO4 and Ca3Ru2O7 are shown in
Figs. 1(b) and 1(c). For Ca2RuO4, the apical and planar
oxygen resonances are disentangled by using LH light near
normal or grazing conditions, respectively [19,20]. For
tetragonal and their orthorhombic derivatives, the crystal field
(chemical) environment [22,31,32] and Coulomb interaction
impose the apical oxygen edge to appear at lower photon
energy than the planar oxygen edge. On this basis, the first
and second pre-edges, indicated by dashed and solid vertical
lines, correspond respectively to the resonances at the apical
and planar oxygen sites, from which hybridization with Ru t2g

orbitals takes place. In the case of Ca3Ru2O7, there are three
oxygen sites: planar O(p), interplanar O(ip), and apical O(a)—
see Fig. 1(a). Compared to Ca2RuO4, these oxygen sites are
harder to distinguish in the XAS spectra of Ca3Ru2O7 as the
planar O(p) and interplanar O(ip) sites have similar CF envi-
ronments. Similar to other layered oxides [22,31], we assign
the first pre-edge of Ca3Ru2O7 to the O(a) site. In the normal
(θ = 0◦) condition, this resonance appears as a shoulder
(528.3 eV) on the second pre-edge (528.9 eV) that is assigned
to the O(p) and O(ip) sites. The reduced splitting of the

oxygen K pre-edges is also known from the XAS study of the
Ruddlesden-Popper Sr1+nRunO3n+1 series with n = 1, 2, and
3 [33,34]. Eventually, for cubic SrRuO3, the two pre-edges
merge together and only one feature is observed [35]. The
features at higher energies correspond to resonances probing
the O p orbitals hybridized with the unoccupied Ru eg states.

For our RIXS study of Ca3Ru2O7, we have focused en-
tirely on the most intense oxygen K pre-edge (528.9 eV)
that probes the planar and interplanar sites. In Figs. 2(a) and
2(b), spectra recorded with LV and LH light are compared
to the corresponding planar spectra of Ca2RuO4. First, we
notice that the “block” of dd excitations in Ca3Ru2O7 around
3.5 eV is consistently shifted to lower energies relative to
what is found in Ca2RuO4. Another noticeable difference is
that among the four “low” energy excitations reported [19]
for Ca2RuO4 [labeled as A, B, C, and D in Fig. 2(b)], only
the two lowest (A and B) are found in Ca3Ru2O7. The B
excitation of bilayer Ca3Ru2O7 has a significantly smaller
amplitude and is much broader than in Ca2RuO4. However,
for both compounds, the B excitation is more intense when
probed with LH polarization; see Fig. 3(a).

The lowest lying excitation (labeled as A) is overlapping
with the elastic line and careful analysis is required to separate
these two contributions. Elastic scattering is most pronounced
near the specular condition; therefore, the A excitation ap-
pears as a shoulder on the energy loss side—see Fig. 3(b).
Near grazing condition, the situation is reversed and the elastic
scattering appears as a shoulder on the left side of the A
excitation peak. To model the elastic contribution, we use a
Gaussian profile with the linewidth set by the energy resolu-
tion. In this fashion, it is possible to extract the A excitation
by subtracting the elastic component as well as the contri-
butions from the B excitation and background, as illustrated
in Figs. 3(b) and 3(c). As the incidence angle—and hence
the in-plane momentum transfer—is varied, the A excitation
is dispersing to a lower energy away from the zone center.
Finally, the A excitation persists at least up to 80 K, as shown
in Fig. 3(c).
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FIG. 3. RIXS spectra of Ca3Ru2O7 focusing on the low-energy part. (a) Comparison between LH and LV spectra at the same incidence
angle. (b) Low-energy part for two different incidence angles measured with LV polarization. Solid black lines are Gaussian fits with a width
fixed to the energy resolution of the experiment to model the elastic scattering. Dashed black lines are the sums of B excitation and background
contributions. To enhance visibility, the spectrum at higher angle is given a vertical shift. (c) RIXS spectra after subtraction of the elastic line,
B excitation, and background contributions to show the dispersion of the A excitation at 20 K and 80 K, as indicated. To enhance visibility, the
spectra at 80 K are given a vertical shift. The indicated θ and h values correspond to the 20 K data; values for 80 K data differ slightly—see
Fig. 4.

The momentum dependence of the A and B excitations ex-
tracted from the Ca3Ru2O7 data are compared in Fig. 4 to the
corresponding excitations in Ca2RuO4. For the B excitation,
the peak position is defined as the maximum obtained from
the derivative of the spectrum, since the peak is extremely
broad. Within the energy resolution of this experiment, no
momentum dependence can be resolved for this excitation in
Ca3Ru2O7. The situation is different in Ca2RuO4, where a
small upward dispersion away from the zone center is detected
for the B excitation [19]. Most pronounced differences are
observed for the A excitation. The strong dispersion found
in Ca3Ru2O7 is completely absent in Ca2RuO4. Addition-
ally, the excitation is located at significantly higher energies
in Ca2RuO4 at around 80 meV compared to 55 meV in
Ca3Ru2O7. We stress that the A excitation dispersion is mea-
sured with LV polarization and hence is probed on either the
planar or interplanar site via the py orbital independent of
θ . The observed dispersion can therefore not be assigned to
scattering geometry effects.

IV. DISCUSSION

To discuss the XAS spectra, we first summarize the in-
terpretation of the Ca2RuO4 data published recently [19,20].
The exact mechanism behind the Mott insulating state of
Ca2RuO4 has long been under discussion and various theoret-
ical models have been proposed [36–38]. In this context, the
Ca2RuO4 XAS results strongly support the explanation via a
complete orbital polarization with the almost fully occupied
dxy orbital. Indeed, the XAS spectra, reproduced in Fig. 1(b),
are in perfect accordance with this picture. As discussed in
Ref. [19], the dominant XAS response flips from the apical
to the planar resonance when changing from normal to near
grazing incidence using LH polarized light. This geometry

effect is a result of the almost fully occupied Ru dxy orbital,
that is unavailable for absorption. Comparing the Ca2RuO4

and Ca3Ru2O7 spectra, the differences in crystal structure and
orbital occupation become apparent. Due to the nonequivalent
apical oxygen sites in Ca3Ru2O7, the apical feature splits
and the outer apical O(a) is only visible as a shoulder to
the strong planar resonance that overlaps with the interplanar
O(ip) resonance. Taking into account the relative intensities
of the two features, the XAS results suggest a different or-
bital occupation than in Ca2RuO4, with an only partially
filled dxy. This partial occupation is also in accordance with
the reduced c-axis compression in Ca3Ru2O7 compared to
Ca2RuO4 [12,15].

Next, we turn to discuss the RIXS spectra. The fact that
completely different oxygen K-edge RIXS spectra are ob-
served for Ca2RuO4 and Ca3Ru2O7 is a beautiful example
of how ground state fingerprints are encoded into the exci-
tations. In principle, the CF environment around an in-plane
oxygen should be similar for Ca2RuO4 and Ca3Ru2O7. Yet,
the RIXS excitation spectra are fundamentally different for
these two compounds. In Ca2RuO4, a sequence of excita-
tions has been identified in the t2g sector, which are separated
from the higher energy t2g → eg features in the energy range
∼3–5 eV [19,40]—see Fig. 2(a). In particular, two broad
excitations located around 1 eV and 2 eV, labeled as C
and D, are linked to the energy scales of Hund’s coupling
and Coulomb interaction responsible for the Mott insulating
ground state. In semimetallic Ca3Ru2O7 by contrast, these
excitations are completely absent—see Fig. 2(b). Even within
the lower energy t2g sector, pronounced differences are iden-
tified. Although two excitations (labeled as A and B)—with
similar energy scales—are resolved for both compounds, they
appear to have a fundamentally different nature. In Ca3Ru2O7

the lowest lying excitation is clearly dispersive, whereas in
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Ca2RuO4 no dispersion was resolved for the corresponding
branch.

To gain insight into the microscopic picture behind these
excitations, the RIXS response was modeled for both com-
pounds, and compared to the experimental spectra in Fig. 2.
We used the fast collision approximation [25,26] of the RIXS
cross section describing the light-induced excitation—and
subsequent absorption—of an electron from the O 1s level
into the 2p level, for both LV and LH incoming polariza-
tion. Full detailed description of this approach is reported in
Appendixes A and B. The RIXS intensity was calculated via
exact diagonalization of a model Hamiltonian defined on a
cluster of two ruthenium sites connected by one planar oxygen
site along an in-plane direction. The bond bending due to the
rotation of the octahedra around the c axis is allowed. The
ruthenium-site Hamiltonian is defined on the t2g subspace and
consists of three terms: (1) CF splitting � between the dxy

and dxz, dyz orbitals, (2) SOC λ, and (3) Coulomb interaction,
which is expanded into intraorbital and interorbital Hubbard

interactions of strengths U and (U − 5JH/2), respectively.
Interorbital Hund’s coupling as well as the pair-hopping term
are both of strength JH. Material specific values � = 0.3 eV,
λ = 0.05 eV, U = 2.0 eV, and JH = 0.4 eV [20,41–43] are
used to evaluate the model for both Ca2RuO4 and Ca3Ru2O7.
Similar values of �, U , and JH have been used for DMFT
calculations [44] of Ca2RuO4 and are comparable to those
used in modeling the spin-excitation dispersion observed by
neutron scattering [17] and RIXS spectra [19], as well as mag-
netic anisotropy [45]. Here, we point out that small differences
from previous estimates of the microscopic parameters are
fully awaited since, in our description, the oxygen degrees
of freedom are explicitly included, and this may lead to a
renormalization of the local interaction terms. To take into
account the different ground states, Ca2RuO4 is modeled with
an antiferromagnetic (AFM) in-plane interaction, whereas we
consider an extra exchange field to stabilize the ferromag-
netic (FM) ground state and spins along the in-plane easy
axis in Ca3Ru2O7 [12,16]. Henceforth, we will also refer
to the Ca2RuO4 and Ca3Ru2O7 bonds as AFM and FM,
respectively, corresponding to the G-type and A-type AFM
structures.

In Fig. 2(c) the calculated RIXS responses in LH and LV
polarizations are presented for both ground states, showing a
reasonable overall agreement with the experimental spectra in
Fig. 2(b). In both cases four distinct excitations are evident,
with approximate energy losses of 0.08, 0.4, 1–1.5, and 2 eV.
In the FM case, we observe an overall decrease of the peak in-
tensities. This effect is even more pronounced for excitations
above 1 eV.

The origin of the four features for Ca2RuO4 has al-
ready been assigned in a previous work, and we recall it
here for convenience [19]. We point out that, in the present
simulation, the RIXS intensity has been evaluated by fully
taking into account the scattering geometry in Fig. 1(a),
and that the LV and LH spectra have been obtained by averag-
ing the spectra over two orthogonal in-plane bond directions
of the cluster.

Excitations A, B, C, and D in Ca2RuO4 have been in-
terpreted on the basis of the multiplet structure of the
d4 configuration of the Ru4+ ion. In particular, they are
associated to transitions within low-energy spin-orbital con-
figurations, which have one doubly occupied orbital (doublon)
or two doubly occupied orbitals. In the framework of the ionic
picture, structures C and D have been assigned to JH driven
spin-state transitions between S = 1 and S = 0 states in the
single- and two-doublon sectors [19]. The partial suppression
of the weight associated to the features above 1 eV in the case
of a FM configuration is a consequence of the Pauli blocking
of those intra-t2g transitions. This mechanism may justify the
lowered intensity of C and D structures in the FM background
of Ru-O planes in Ca3Ru2O7. We notice that the experimental
results suggest a stronger suppression than predicted by the
model calculations. A reason for the discrepancies between
experiment and the modeling may have to do with the less
insulating ground state of Ca3Ru2O7. The cluster calculations
may not capture precisely the more delocalized nature of
Ca3Ru2O7.

In Ca2RuO4, the lowest energy features A and B are as-
sociated to spin-orbital excitations within the S = 1 subspace
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of the t2g multiplets, whose energies are determined by the
relative strength of the CF potential and the SOC. Even though
they are not fully resolved experimentally due to limited en-
ergy resolution, those excitations are accessible in oxygen K
edge because of the SOC in the Ru 4d shell which strongly
hybridizes 4d states with O 2p orbitals. In particular, the
B structure has been attributed to multiple transitions to the
highest energy S = 1 spin-orbital sector, while the A structure
has been generically associated to composite magnetic tran-
sitions within the lowest-energy sector. We observe that, in
the FM case, features occurring at a similar energy scale are
observed, and we want to elucidate the possible spin-orbital
(magnetic) origin of these excitations, with a special focus on
the lowest A feature.

Beforehand, we observe that the lowest lying excitation
A has an energy scale typical of both optical phonons and
magnons. The strong dispersion of this excitation near the
zone center is, however, atypical for optical phonons. In
Sr2RuO4, where complete phonon dispersions have been cal-
culated and probed by neutron scattering [39,46], optical
phonons are in fact found at ∼70 and ∼90 meV. None of
them has a dispersion around the zone center compatible with
what we observe in Ca3Ru2O7. This is demonstrated in Fig. 4,
where the relevant optical Sr2RuO4 phonon dispersion—
measured by neutron scattering—is shown in gray. In
comparison to the A excitation measured in Ca3Ru2O7, this
optical phonon is nondispersive. Moreover, the 70 meV opti-
cal phonon found in Sr2RuO4 stems from vibrations of the
apical oxygen, whereas we are probing on the planar and
interplanar oxygen sites. On this basis, assigning a magnetic
origin to the lowest lying excitation appears the most plausible
interpretation. We stress that it is not unusual to observe mag-
netic excitations beyond the magnetic ordered state due to the
persistence of short-range magnetic correlations. In cuprates
and iron pnictides, paramagnon excitations are found deep
into the magnetically disordered state [47–49]. Observing no
significant temperature dependence of the A excitation disper-
sion is therefore expected.

To further verify the magnetic origin of the A excitations
in Ca2RuO4 and Ca3Ru2O7, and to reveal their distinct nature,
we evaluated the dynamic spin structure factors Sμ(q, ω), and
spin-spin dynamic spin structure factors (Si · Si+1)μ(q, ω),
μ = x, y, z [Figs. 5(b), 5(c) 5(e), and 5(f)] for q = (0, 0) and
(π, 0), which are the only viable values for the momentum
transfer of our Ru-O-Ru cluster. Here, we point out that the
ground state is made by magnetic moments that are aligned
in the Ru plane. For convenience, we refer to ||,⊥, z for a
spin mode excitation that is collinear, perpendicular in plane,
and perpendicular out of plane with respect to the orienta-
tion of the ordered magnetic moments in the ground state,
respectively.

Let us start with the AFM case in Figs. 5(a)–5(c). The
comparison of the low-energy part of the RIXS spectrum
for the AFM configuration with the calculated spin structure
factors at q = (0, 0) allows one to associate the dominant
excitation in the RIXS spectrum to features with transverse
single spin modes, i.e., Sz and S⊥, and longitudinal two-
spin S||S|| correlation functions. This is consistent with the
previous interpretation of the A excitation as evidence of com-
posite excitations such as longitudinal (Higgs) two-particle
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FIG. 5. Theoretical model calculation of the RIXS spectra in
panels (a) and (d) and the dynamic spin structure factors Sμ(q, ω),
and spin-spin dynamic spin structure factors (Si · Si+1)μ(q, ω),
μ = ||, ⊥, z, for q = (0, 0) and (π, 0) in the low energy regime for
Ca2RuO4 and Ca3Ru2O7. The gray shaded area corresponds to the
energy region currently not accessible by RIXS due to the limited
resolution.

and transverse bimagnon modes [18,19]. In particular, from
the analysis we observe that the lowest energy spin excitations
occur at about 20 and 40 meV—see Figs. 5(b) and 5(c),
mainly through single spin flip at each Ru site. The former
energy scale is related to the effective single ion anisotropy
due to the interplay of spin-orbit and crystal field potential.
A distinctive aspect of the magnetic ground state is that, due
to the spin-orbit coupling and crystal field potential, there is
neither rotational nor parity conservation for the local spin.
The resulting ground state is then a quantum superposition
of several components. Specifically, it consists of dominant
exchange driven anisotropic antiferromagnetic correlations,
and it also includes states corresponding to the variation of
amplitude and direction of the local S = 1 magnetic moments
with respect to the easy axis. This peculiar character of the
ground state allows one to have a significant spectral weight
associated to high-energy excitations, corresponding to the
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RIXS active states close to 80 meV—see Fig. 5(a). Taking into
account the energy profile of the dynamic spin response, we
deduce that the modes at about 80 meV have a multiparticle
spin character, as they are accessible by means of both sin-
gle transverse and double longitudinal spin excitations. Our
results also predict the existence of a lower energy feature
in the RIXS spectrum, having similar character, at 40 meV,
in an energy range which is not detectable in the present
experiment.

The FM case offers a similar result, since the lowest A fea-
ture may also be associated to magnetic excitations. Notably,
in this case, the dominant excitation occurs at slightly lower
energy, and corresponds to mainly transverse spin excitations,
of single- Sz and S⊥ or two-particle type S⊥S⊥. Moreover,
according to the simulation, the existence of a very weak
feature located at 20 meV is also predicted.

Having identified the nature of the magnetic excitations
associated to the lowest RIXS feature in both the AFM and
FM ground states, one can also estimate the bandwidth of the
continuum of the corresponding collective modes propagat-
ing along the (0, 0) → (π, 0) path. Comparing the relevant
Sμ(q, ω) at q = (π, 0) and (0, 0) shows that, in the AFM
case, magnetic peaks are located approximately in the same
energy range at different wave vectors. On the contrary, in
the FM configuration, the peaks associated to the single spin
excitations are shifted to lower energies by 20–30 meV, when
going from q = (0, 0) to q = (π, 0). This is in accordance
with what is observed in the experimental spectra—see Fig. 4.
We also carried out the calculation of the local and two-site
orbital angular momentum correlation functions, which reveal
that the A peak in the AFM case has significant orbital con-
tribution, while it is substantially suppressed in the FM case.
This is consistent with the observation that the FM ground
state has a different orbital pattern [50] when compared to
the AFM configuration. The doublon can have a stronger ten-
dency to occupy different orbitals on neighboring Ru sites in
the FM case. Moreover, the spin-orbit coupling tends to align
the orbital moments, since the Ru spins are also ferromagnet-
ically correlated. This implies that orbital variations can be
suppressed in the low-energy spin sector. Here, we argue that
the lack of the orbital component in the targeted excitation
allows one to have a larger effective exchange, which results
in an enhancement of the bandwidth as we find in the cluster
analysis.

V. CONCLUSIONS

In summary, we have carried out a combined oxygen K-
edge XAS and RIXS study of Ca3Ru2O7. Our results are
compared to (i) equivalent experimental results previously ob-
tained on single layer Ca2RuO4 and (ii) local cluster modeling
of Ca3Ru2O7 and Ca2RuO4. In particular, the oxygen K-edge
RIXS spectra are fundamentally different in Ca3Ru2O7 and
Ca2RuO4, reflecting their different ground states. Whereas in
Ca2RuO4 a set of excitations within the t2g subspace, consist-
ing of two low-energy and two mid/high-energy structures,
is observed, only the two lowest intra-t2g excitations have a
significant amplitude in Ca3Ru2O7. This effect is captured by
the local cluster modeling taking into account the different
in-plane magnetic couplings. Finally, we demonstrated that

the lowest lying intra-t2g excitation in Ca3Ru2O7 is dispers-
ing, revealing its collective origin. We argue, based on the
exact dispersion and comparison to spin correlation function
computations, that this excitation is magnonic rather than
phononic in nature. In fact, it is suggested to be dominantly
a transverse mode with multiparticle character, which is indi-
rectly allowed at the oxygen K edge through substantial SOC
of Ru ions.
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APPENDIX A: MODEL HAMILTONIAN

We report here the details of the microscopic model
describing the energy levels and wave functions of the con-
sidered Ru-O-Ru cluster. The examined Hamiltonian [51,52]
is expressed as

H = Hkin + Hel−el + Hc f + Hsoc + Hm. (A1)

The first term in Eq. (A1) is the kinetic operator describing
the Ru-O connectivity:

Hkin =
∑

i j,αβ,σ

tαβ
i j (p†

iασ d jβσ + H.c.), (A2)

where d†
iβσ is the creation operator for an electron with spin

σ at the i site in the β orbital of the t2g sector (dxy, dxz, dyz),
while piασ is the annihilation operator of an electron with spin
σ at the i site in the α orbital of the (px, py, pz) space of
the oxygen. Hopping amplitudes tαβ

i j include all the allowed
symmetry terms according to the Slater-Koster rules [53,54]
for a given bond connecting a ruthenium to an oxygen atom
along, say, the x direction. We allow for the relative rotation
of the oxygen octahedra surrounding the Ru site, assuming
that the Ru-O-Ru bond can form an angle θ = (180◦-φ). The
case with φ = 0◦ corresponds to the tetragonal undistorted
bond, while a nonvanishing value of φ arises when the RuO6

octahedra are rotated of the corresponding angle around the c
axis.

The second term is the Coulomb interaction, which is ex-
pressed in terms of Kanamori parameters U , U ′, and JH as
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follows:

Hel−el = U
∑

iα

niα↑niα↓ − 2JH

∑
iαβ

Siα · Siβ

+
(

U ′ − JH

2

) ∑
iα �=β

niαniβ

+ J ′ ∑
iαβ

d†
iα↑d†

iα↓diβ↑diβ↓, (A3)

where niασ , Siα are the on site charge for spin σ and the spin
operators for the α orbital, respectively. U (U ′) is the intra (in-
ter) -orbital Coulomb repulsion, JH is the Hund coupling, and
J ′ the pair hopping term. Due to the invariance for rotations in
the orbital space, the following relations hold: U = U ′ + 2JH ;
J ′ = JH .

The Hc f part of the Hamiltonian H is the crystalline field
potential, controlling the symmetry lowering from the cubic
to tetragonal one, due to the compression of RuO6 octahedra
along the c axis:

Hc f =
∑

i

�i

[
nixy − 1

2
(nixz + niyz )

]
. (A4)

The SOC Hamiltonian reads as

Hsoc = λ
∑

i

Li · Si. (A5)

Due to the cubic CF terms in RuO6 octahedra separating the
lower t2g from the unoccupied eg levels, Li stands for the
angular momentum operator projected onto the t2g subspace.
Its components have the following expression in terms of
orbital fermionic operators:

Lix = i
∑

σ

[d†
ixyσ dixzσ − d†

ixzσ dixyσ ],

Liy = i
∑

σ

[d†
iyzσ dixyσ − d†

ixyσ diyzσ ], (A6)

Liz = i
∑

σ

[d†
ixzσ diyzσ − d†

iyzσ dixzσ ].

Finally, Hm in Eq. (A1) is an effective exchange field which
pins the magnetization at the Ru sites to be in the (x, y) plane
for the FM ground state:

Hm =
∑

i

Si · Bxy. (A7)

APPENDIX B: CALCULATION OF THE RIXS
CROSS SECTION

The RIXS intensity is described by the Kramers-
Heisenberg relation

I (ω, q, ε, ε′)=
∑

f

|A f g(ω, q, ε, ε′)|2δ(E f + ωk′ − Eg − ωk ),

(B1)

where ω = ωk′ − ωk and q = k′ − k stand for the energy and
momentum transferred by the scattered photon and ε and ε′
for the incoming and outgoing light polarization vectors. We
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FIG. 6. Analysis of elastic scattering. Elastic scattering part of
the RIXS spectra recorded on Ca2RuO4 (top curve, taken from
Ref. [19]) and Ca3Ru2O7 (bottom curve) near specular condition as
indicated. Solid lines are Gaussian and Voigt fits. In both profiles,
the Gaussian width is fixed to the energy resolution of the exper-
iment. On Ca3Ru2O7, the full widths at half maximum (FWHM)
of the Gaussian and Lorentzian contributions in the Voigt profile
are 53.3 meV and 6.9 meV, respectively. To enhance visibility, the
spectra are normalized to their maximum and the spectra and fits of
Ca2RuO4 are given a vertical shift.

adopt the dipole and fast collision approximation, in which the
RIXS scattering amplitude is reduced to

A f g = 1

i�
〈 f |R(ε, ε′, q)|g〉, (B2)

where R is the effective RIXS scattering operator describ-
ing two subsequent dipole transitions and � is the core-hole
broadening. In the oxygen K-edge RIXS, the dipole transi-
tions create an O 1s core hole and extra valence electron in a
2p orbital and vice versa, and the scattering operator has the
following expression:

R(εν, εν ′ ) ∝
∑
i,σ

eiq·ri pν ′σ pνσ , (B3)

where ν is the (x, y, z) orbital and the sum over the different
spin states is assumed. Matrix elements are then evaluated
among oxygen valence states in Eq. (B2). Notably, the valence
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electron in a 2p orbital hybridizes and interacts with the Ru d
electrons.

In the adopted experimental scattering geometry, the de-
pendence upon the incident angle θin and scattering angle α =
130◦ between the incoming/outgoing polariization vectors is

εLH = εx cos θin + εz sin θin,

εLV = εy, (B4)

ε′ = ε′
x cos(θin + α) + ε′

y + ε′
z sin(θin + α).

Here the coordinate frame (x, y, z) corresponds to the tetrag-
onal axis frame (aT , bT , c). Since the outgoing polarization is
not resolved, the RIXS intensity is obtained by summing up
incoherently over all three polarization directions (ε′

x, ε
′
y, ε

′
z ).

APPENDIX C: SUBTRACTION OF ELASTIC SCATTERING
CONTRIBUTIONS

The analysis of the lowest lying (dispersive) A excita-
tion in Ca3Ru2O7 involves modeling of the elastic scattering.
By assuming that the intrinsic elastic scattering line shape
is Lorentzian and that the finite energy resolution is ac-
counted for by a Gaussian convolution, the effective line shape
would therefore theoretically be a Voigt function. In practice,

the Gaussian component is dominating over the Lorentzian.
Therefore, both Gaussian and Voigt functions can be used to
model elastic scattering.

In Fig. 6, elastic scattering profiles measured on Ca2RuO4

and Ca3Ru2O7 are shown and compared to fits using Gaussian
and Voigt profiles. The counting statistic is better for the data
recorded on Ca2RuO4. There, the fitting indeed suggests that
the Voigt profile provides a slightly better description of the
elastic line. This is to be expected as the fitting to a Voigt func-
tion involves an additional fitting parameter. For Ca3Ru2O7,
the analysis is harder since (a) the counting statistics are
less good, (b) the lowest lying excitation overlaps partially
with the elastic scattering, and (c) the elastic contribution
in the spectra is overall much smaller than in Ca2RuO4. As
shown in Fig. 6, both Voigt and Gaussian profiles provide
good description of the elastic scattering. The difference be-
tween these two profiles is marginal and negligible compared
to the intensity of the lowest lying excitation. To be con-
sistent over all incident angles, the analysis of Ca3Ru2O7

data presented in this paper made use of a Gaussian profile.
Data presented in Ref. [19] on Ca2RuO4 is fitted to a Voigt
function. The choice of Gaussian or Voigt function for the
modeling of elastic scattering has no impact on the derived
conclusions.
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