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Electronic structure and resonant inelastic x-ray scattering in Ca3Ru2O7

V. N. Antonov ,1,2 D. A. Kukusta ,1 and L. V. Bekenov 1

1G. V. Kurdyumov Institute for Metal Physics of the N.A.S. of Ukraine, UA-03142 Kyiv, Ukraine
2Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany

(Received 25 April 2024; accepted 14 June 2024; published 1 July 2024)

We have investigated the electronic structure of the transition metal oxide Ca3Ru2O7 within density-functional
theory using the generalized gradient approximation while considering strong Coulomb correlations in the frame-
work of the fully relativistic spin-polarized Dirac linear muffin-tin orbital band structure method. Ca3Ru2O7

can be classified as a Mott insulator since it was expected to be metallic from band structure calculations.
We found that the magnetic ground state of Ca3Ru2O7 possesses an AFM-b magnetic structure with the Ru
spin moments ordered antiferromagnetically along the b axis. We have investigated the resonant inelastic x-ray
scattering (RIXS) spectra at the Ru and Ca K , L3, and M3 edges as well as at the O K edge. The experimentally
measured RIXS spectrum of Ca3Ru2O7 at the Ru L3 edge possesses a sharp feature �2 eV corresponding to
transitions within the Ru t2g levels. The excitation located from 2 to 4 eV is due to t2g → eg transitions. The third
wide structure situated at 4.5 − 11 eV appears due to transitions between the Ru 4dO states derived from the tails
of oxygen 2p states and eg and t2g states. The RIXS spectra at the Ru L3 and M3 edges are quite similar. However,
the corresponding RIXS spectra at the Ca site are quite different from each other due to the significant difference
in the widths of core levels. The RIXS spectrum at the O K edge consists of three major inelastic excitations. We
found that the first two low energy features �2.5 eV are due to interband transitions between occupied and empty
Ot2g states which appear due to the strong hybridization between oxygen 2p and Ru t2g states in close vicinity
to the Fermi level. The next major peak between 2.5 and 8 eV reflects interband transitions from occupied O 2p
to empty Ot2g states. A wide energy interval between 4 and 11 eV is occupied by rather weak O2p → Oeg

transitions.

DOI: 10.1103/PhysRevMaterials.8.074401

I. INTRODUCTION

Ruddlesden-Popper (RP)-type ruthenates An+1RunO3n+1

(A = Sr or Ca), where n is a number of Ru-O layers per
unit cell, have attracted much attention due to their fascinated
physical properties. For example, Sr2RuO4 (n = 1) possesses
a unique p-wave superconductivity [1,2]; however, Ca2RuO4

is a typical Mott insulator [3]. In the n = ∞ family, SrRuO3

is a ferromagnetic metal [3], whereas CaRuO3 does not
show any magnetic ordering [4]. Double-layered Sr3Ru2O7

(n = 2) has an orthorhombic crystal structure (space group
Bbcb, No. 68) [5], where RuO6 octahedra rotate around the
c axis. The ionic radius of Ca2+ is smaller than that of
Sr2+; therefore, Ca3Ru2O7 has a more distorted crystal struc-
ture, namely the orthorhombic symmetry with Bb21m space
group (No. 36) with rotation and tilting of RuO6 octahedra
[6,7]. Sr3Ru2O7 is a metal with unusual large quasiparticle
masses [8], it shows the Fermi-liquid behavior, and ferromag-
netic instability in the ground state [9]. However, Ca3Ru2O7

is a Mott-like antiferromagnetic (AFM) insulator, where
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ferromagnetic bilayers stack antiparallel along the c axis
(Néel temperature TN = 56 K) [10,11]. This ruthenate pos-
sesses the first-order metal-to-insulator transition at TMI =
48 K that distorts the RuO6 octahedra and coincides with an
upturn in the out-of-plane resistivity [7,12]. A spin rotation
from the a axis to the b axis (AFM-b) occurs at TMI that ap-
pears to be mediated by an incommensurate spin state [13,14].
The system also shows complex magnetic field dependence
[15,16]. Ca3Ru2O7 stimulated much research effort due to its
colossal magnetoresistance and anisotropic magnetic behav-
ior [10,12,17–19]. This bilayer compound also retains highly
anisotropic electric resistivity down to the lowest tempera-
tures [13]. Specific-heat and photoemission studies [20,21]
indicate unusual behavior for the density of states (DOS)
and bandwidth of Ca3Ru2O7 at low temperatures, reflecting
strong electron correlation effects in the 4d band. The optical
conductivity shows a small energy gap of 25 meV at low
temperature [22]. The Raman spectra measurements by Liu
et al. [23] reveal a charge energy gap of �c∼96 meV in
Ca3Ru2O7. The large gap ratio �c/kBTMI = 23 associated
with this gap is indicative of strong electronic correlations,
perhaps pointing to a Mott-Hubbard-type transition. It is
believed that the wide spread of physical phenomena in
these ruthenates is due to a delicate balance of competing
interactions, such as orbital degrees of freedom, crystal struc-
ture distortion, electron correlation, and spin-orbit coupling
(SOC) [24–29].
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There are several band structure calculations of Ca3Ru2O7

based on the density-functional theory (DFT) [30–34]. Singh
and Auluck provided the band structure calculations of
Ca3Ru2O7 and found that the local spin-density approxi-
mation (LSDA) failed to reproduce the insulating ground
state [30]. Liu reported an electronic structure study on
Ca3Ru2O7 using first-principles calculations including the
SOC and on-site Coulomb interaction [31]. He found that
the observed insulating ground state of Ca3Ru2O7 can be
reproduced if the magnetic moments are aligned along the
b axis.

In the present study, we focus on the electronic struc-
ture and resonant inelastic x-ray scattering (RIXS) spectra of
Ca3Ru2O7. The RIXS measurements at the Ru L3 edge for
the Ca3Ru2O7 ruthenate have been successfully performed
recently by Bertinshaw et al. [29]. They capture the in-plane
magnon across the entire Brillouin zone, giving a spin-wave
gap of ∼8 meV. At a higher energy loss, they observe dd-type
excitations between the t2g and eg bands. The measurements
of the oxygen K RIXS spectrum are provided in Ref. [35].
The authors resolve two intra-t2g excitations in Ca3Ru2O7.
The lowest lying excitation is interpreted as a magnetic
transverse mode with multiparticle character. They also ob-
serve a quite intensive peak at ∼3.3 eV in the O K RIXS
spectrum.

In this article, we report a detailed theoretical DFT study
of the electronic structure and RIXS spectra of the Ca3Ru2O7

oxide at the Ru and Ca K , L3, and M3 edges as well as at the
O K edge to investigate the influence of the SOC and Coulomb
correlations. The energy band structure of this RP ruthenate
was calculated using the fully relativistic spin-polarized Dirac
linear muffin-tin orbital (LMTO) band structure method. We
used both the generalized gradient approximation (GGA)
and the GGA + U approach to assess the sensitivity of
the RIXS results to different treatment of the correlated
electrons.

This article is organized as follows. The crystal struc-
tures of Ca3Ru2O7 and computational details are presented
in Sec. II. Section III presents the electronic and magnetic
structures of this ruthenate. In Sec. IV, the theoretical inves-
tigations of the RIXS spectra of Ca3Ru2O7 at the Ru and Ca
K , L3 edges and at the O K edge are presented. The theoretical
results are compared with available experimental data. Finally,
the results are summarized in Sec. V.

II. COMPUTATIONAL DETAILS

A. Resonant inelastic x-ray scattering

In the direct RIXS process [36], the incoming photon with
energy h̄ωk, momentum h̄k, and polarization ε excites the
solid from the ground state |g〉 with energy Eg to the interme-
diate state |I〉 with energy EI. During relaxation, an outgoing
photon with energy h̄ωk′ , momentum h̄k′, and polarization ε′
is emitted, and the solid is in state | f 〉 with energy Ef . As
a result, an excitation with energy h̄ω = h̄ωk − h̄ωk′ and mo-
mentum h̄q = h̄k − h̄k′ is created. Our implementation of the
code for the calculation of the RIXS intensity uses Dirac four-
component basis functions [37] in the perturbative approach
[38]. RIXS is the second-order process, and its intensity is

given by

I (ω, k, k′, ε, ε′) ∝
∑

f

∣∣∣∣∣
∑

I

〈f|Ĥ ′
k′ε′ |I〉〈I|Ĥ ′

kε|g〉
Eg − EI

∣∣∣∣∣

2

× δ(Ef − Eg − h̄ω), (1)

where the RIXS perturbation operator in the dipole approxi-
mation is given by the lattice sum Ĥ ′

kε = ∑
R α̂ε exp(−ikR),

where α are the Dirac matrices. The sum over the intermediate
states |I〉 includes the contributions from different spin-split
core states at the given absorption edge. The matrix elements
of the RIXS process in the frame of the fully relativistic Dirac
LMTO method were presented in our previous publication
[39].

B. X-ray magnetic circular dichroism

Magneto-optical (MO) effects refer to various changes in
the polarization state of light upon interaction with materials
possessing a net magnetic moment, including rotation of the
plane of linearly polarized light (Faraday, Kerr rotation), and
the complementary differential absorption of left and right
circularly polarized light (circular dichroism). In the near
visible spectral range, these effects result from excitation of
electrons in the conduction band. Near x-ray absorption edges,
or resonances, MO effects can be enhanced by transitions
from well-defined atomic core levels to transition symmetry
selected valence states.

Within the one-particle approximation, the absorption co-
efficient μλ

j (ω) for incident x-ray polarization λ and photon
energy h̄ω can be determined as the probability of electronic
transitions from initial core states with the total angular mo-
mentum j to final unoccupied Bloch states

μλ
j (ω) =

∑

mj

∑

nk

|〈�nk|�λ|� jm j 〉|2δ(Enk − Ejmj − h̄ω)

× θ (Enk − EF ), (2)

where � jm j and Ejmj are the wave function and the energy of a
core state with the projection of the total angular momentum
mj , �nk and Enk are the wave function and the energy of a
valence state in the n-th band with the wave vector k, and EF

is the Fermi energy.
Here, �λ is the electron-photon interaction operator in the

dipole approximation

�λ = −eαaλ, (3)

where α are the Dirac matrices and aλ is the λ polariza-
tion unit vector of the photon vector potential, with a± =
1/

√
2(1,±i, 0), a‖ = (0, 0, 1). Here, + and − denote, respec-

tively, left and right circular photon polarizations with respect
to the magnetization direction in the solid. Then, x-ray mag-
netic circular and linear dichroisms are given by μ+ − μ− and
μ‖ − (μ+ + μ−)/2, respectively. More detailed expressions
of the matrix elements in the electric dipole approximation
may be found in Refs. [40–42]. The matrix elements due
to magnetic dipole and electric quadrupole corrections are
presented in Ref. [42].
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TABLE I. The atomic as well as Wyckoff positions (WP) of
Ca3Ru2O7 with Bb21/m lattice symmetry (lattice constants a =
5.3677 Å, b = 5.5356 Å, and c = 19.5212 Å) at temperature of 8 K
[7].

Atom WP x y z

Ca1 4a 0.7382 0.1949 0
Ca2 8b 0.2443 0.3036 0.3112
Ru 8b 0.2533 0.7512 0.4011
O1 8b 0.8188 0.2309 0.6987
O2 4a 0.3370 0.7702 0.5
O3 8b 0.4474 0.9500 0.0819
O4 8b 0.9481 0.0458 0.1162

C. Crystal structure

Ca3Ru2O7 has the orthorhombic symmetry with Bb21m
space group (No. 36) with the rotation and tilting of RuO6 oc-
tahedra [6,7] (Table I and Fig. 1). The structure of Ca3Ru2O7

consists of an RuO6 double layer and CaO layer per unit cell.
The Ru4+ cations are surrounded by oxygen octahedra with
the interatomic distances Ru-O1, Ru-O2, Ru-O3, and Ru-O4

of 1.9872, 1.9873, 2.0033, and 1.9949 Å, respectively. The
inter-atomic distances between Ru and Ca1 and Ca2 ions are
equal to 3.1263 and 3.0355 Å, respectively.

The neutron diffraction measurements show that the lat-
tice constants a and c of Ca3Ru2O7 shorten on cooling from
room temperature, whereas b elongates [7]. At the first-order
transition temperature of 48 K, the lattice parameters jump;
however, the space group symmetry Bb21m is not affected
throughout the temperature range measured [7]. The c con-
stant shortens by about 0.1%, whereas both a and b lengthen
by about 0.07% at TMI .

The lengths of Ru-O1 and Ru-O3 bonds increase with de-
creasing temperature. Yet, those of Ru-O2 and Ru-O4 decrease
with decreasing temperature. The angles between the RuO6

octahedra are almost temperature independent above TN and
little affected by the first-order phase transition. However,
some characteristic temperature dependences can be observed
�40 K [7]. The angle of Ru-O1-Ca2 decreases with decreas-
ing temperature. Yet, the angle of Ru-O2-Ru increases with
decreasing temperature [7].

D. Calculation details

The details of the computational method are described in
our previous works [39,43–45], and here we only mention sev-
eral aspects. The band structure calculations were performed
using the fully relativistic LMTO method [41,46]. This imple-
mentation of the LMTO method uses four-component basis
functions constructed by solving the Dirac equation inside an
atomic sphere [37]. The exchange-correlation functional of
the GGA type was used in the version of Perdew et al. [47].
Brillouin zone integration was performed using the improved
tetrahedron method [48]. The basis consisted of Ca and Ru s,
p, d , and f , and O s, p, and d LMTOs.

To consider the electron-electron correlation effects, in this
work we use the relativistic generalization of the rotationally
invariant version of the GGA + U method [49] which takes
into account that, in the presence of SOC, the occupation

FIG. 1. The crystal structure of Ca3Ru2O7 (space group Bb21m,
No. 36) [7] with Ru3+ ions in octahedral oxygen coordination.

matrix of localized electrons becomes nondiagonal in spin
indexes. Hubbard U was considered an external parameter and
varied from 0.8 to 3.8 eV for the 4d Ru site. The values of
exchange Hund coupling used in our calculations were ob-
tained from constrained LSDA calculations [50,51] and equal
to JH = 0.8 eV for Ru. Thus, the parameter Ue f f = U − JH ,
which roughly determines the splitting between the lower and
upper Hubbard bands, varied between 0 and 3.0 eV for the
4d metal site. We adjusted the value of U to achieve the best
agreement with the experiment.

X-ray absorption spectroscopy (XAS), x-ray magnetic cir-
cular dichroism (XMCD), and RIXS spectra were calculated
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FIG. 2. The energy band structure and total DOS [in states/(cell
eV)] of Ca3Ru2O7 calculated in the GGA + SO approximation (the
upper panel) and GGA + SO + U approach (the lower panel).

taking into account the exchange splitting of core levels. The
finite lifetime of a core hole was accounted for by folding
the spectra with a Lorentzian. The widths of core levels 


for Ca, Ru, and O were taken from Ref. [52]. The finite
experimental resolution of the spectrometer was accounted for
by a Gaussian of 0.6 eV (the s coefficient of the Gaussian
function).

III. ELECTRONIC AND MAGNETIC STRUCTURES

Figure 2 presents the energy band structure of Ca3Ru2O7

calculated in the fully relativistic Dirac GGA + SO ap-
proximation (the upper panel) and considering Coulomb
correlations in the GGA + SO + U approach (the lower
panel). The GGA + SO approximation produces a metallic
ground state in Ca3Ru2O7 in contradiction to the experimental
data which show that Ca3Ru2O7 is a Mott-like AFM insulator
below TMI = 48 K [7,10–12]. To produce the correct ground
state, one has to take into account strong Coulomb correla-
tions in Ca3Ru2O7. The GGA + SO + U approach shifts the
occupied and empty t2g bands downward and upward, respec-
tively, by Ue f f /2 producing a direct energy gap of 0.215 eV
and an indirect one of 0.053 eV for Ue f f = 1.3 eV. We found
that this value of Hubbard U applied for the Ru site produces
the best agreement between the calculated and experimentally
measured RIXS spectra at the Ru L3 edge in Ca3Ru2O7. The
energy gap is increased with increasing Hubbard U .

Figure 3 presents the partial DOS in Ca3Ru2O7 calculated
in the GGA + SO + U approach. Four electrons occupy the
t2g-type low energy band (LEB) manifold in the energy inter-
val from −1.7 to −0.6 eV and between −0.35 eV and EF in
Ca3Ru2O7 (blue and red curves in the lower panel of Fig. 2,
respectively). The empty t2g states [the upper energy band
(UEB)] occupy the energy range from 0.1 to 0.9 eV (magenta

FIG. 3. The partial DOS in Ca3Ru2O7 calculated in the GGA +
SO + U approach with Ue f f = 1.3 eV.

curves in the lower panel of Fig. 2). The symmetry analysis
shows that the empty t2g states just above the Fermi level
possess the combination of dxz and dyz orbitals. The eg-type
states of Ru are distributed far above the Fermi level from 1.3
to 5.0 eV (green bands in Fig. 2). The occupation number of
4d electrons in the Ru atomic sphere is equal to 5.66, which
is much larger than the expected value of four t2g electrons in
Ru4+. The excessive charge is provided by the tails of O 2p
states inside the Ru atomic spheres. These charge transfer
4dO states, which are located from −7.6 to approximately
−5.0 eV (red bands in Fig. 2), play an essential role for the
RIXS spectrum at the Ru L2,3 edges (see Sec. IV). The Ca
3d states are mostly empty and located from 5.0 to 8.2 eV
above the Fermi level (yellow bands in Fig. 2). The oxygen
2p states are strongly hybridized with the Ru 4d states due
to small interatomic O-Ru distances and delocalized nature of
O 2p states. They occupy the energy interval between −7.6
and −2.5 eV (light blue bands in Fig. 2). The small peaks
in the vicinity of the Fermi level are due to the hybridization
between O 2p and Ru t2g LEB and UEB.

We found that in the ground state, Ca3Ru2O7 possesses
an AFM-b magnetic structure with the Ru spin moments or-
dered antiferromagnetically along the b axis (Fig. 4). This is
consistent with experimental data [13,14] and previous band
structure calculations [31].

Table II presents the theoretically calculated spin Ms, or-
bital Ml , and total Mtot magnetic moments in Ca3Ru2O7.
The Ru spin and orbital moments are parallel in Ca3Ru2O7

in accordance with Hund’s third rule. The spin and orbital
parts of the magnetic moments for the Ca ions in Ca3Ru2O7

are found to be quite small. The spin and orbital magnetic
moments at the oxygen sites are also relatively small with the
largest moments at the O4 site and the smallest ones at the O2

site.

IV. XAS, XMCD, AND RIXS SPECTRA

A. Ru L3 and M3 XAS, XMCD, and RIXS spectra

The experimental RIXS spectrum at the Ru L3 edge was
measured by Bertinshaw et al. [29] in the energy range up
to 6.5 eV. In addition to an elastic peak centered close to
zero energy loss, the spectrum consists of a peak at ∼0.5 eV
with a high energy shoulder at 1.3 eV and two peaks at 3
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FIG. 4. Half of the Ca3Ru2O7 unit cell with AFM-ordered Ru
moments parallel to the b axis (the AFM-b order).

and 5.8 eV. We found that the two peak structure situated
�2 eV corresponds to intra-t2g excitations. These peaks are
quite sensitive to the value of the energy gap in Ca3Ru2O7

and the relative position of the t2g LEB and UEB (see Fig. 2).
Figure 5 shows the experimental RIXS spectrum measured by
Bertinshaw et al. [29] (open magenta circles) in comparison
with the theoretical spectra calculated for t2g → t2g transitions
with different values of Ue f f . The best agreement was found
for the GGA + SO + U approach with Ue f f = 1.3 eV. The
calculations with larger Ue f f shift the RIXS spectrum toward
higher energies.

From Fig. 5, we can see that there is an additional peak
at 0.05 eV with a width of ∼30 meV in the experimentally
measured Ru L3 RIXS spectrum which is not reproduced by
our one-partial calculations. Bertinshaw et al. [29] show that
this peak corresponds to a magnon excitation at the zone cen-
ter, in agreement with inelastic neutron scattering data. The
magnon dispersion was theoretically modeled using a Heisen-
berg Hamiltonian for a bilayer S = 1 system with single-ion
anisotropy terms [29]. In addition to the 0.05 eV peak, other
low energy peaks at 0.2–0.4 eV, which look like shoulder
peaks, are also missing within our theoretical model. We can

TABLE II. The theoretically calculated in GGA+SO+U
(Ue f f = 1.3 eV) spin Ms, orbital Ml , and total Mtot magnetic mo-
ments (in μB) in Ca3Ru2O7.

Atom Ms Ml Mtotal

Ca1 0.0002 0.0007 0.0009
Ca2 0.0165 0.0014 0.0179
Ru 1.4783 0.1370 1.6153
O1 0.0625 0.0072 0.0697
O2 0.0120 −0.0065 0.0055
O3 0.1008 0.0097 0.1105
O4 0.1141 0.0096 0.1237

FIG. 5. The experimental RIXS spectrum measured at 25 K by
Bertinshaw et al. [29] (open magenta circles) at the Ru L3 edge of
Ca3Ru2O7 compared with the theoretical spectra calculated for t2g →
t2g transitions with different Ue f f .

suggest that these small shoulders at 0.2–0.4 eV can be at-
tributed to exciton spectra. A similar situation was observed in
Sr2IrO4 at the Ir L3 edge where detected extra peaks at 0.1 and
0.4 eV were attributed to magnon and exciton excitations, re-
spectively [53–56]. The theoretical description of magnon and
exciton spectra demands a many-body approach beyond one-
particle approximation, such as GW or BSE (Bethe-Salpeter
equation) calculations for the exciton spectra and calculations
of magnon dispersion and electron-magnon interaction for the
magnon spectra. An approach which allows for a unified de-
scription of both magnon and exciton excitations on the same
footing and taking into account the RIXS matrix elements is
highly desirable.

Figure 6 (the lower panel) presents the experimental RIXS
spectrum (open magenta circles) at the Ru L3 edges for
Ca3Ru2O7 [29] in a wide energy interval in comparison with
the theoretically calculated partial contributions from different
interband transitions in the GGA + SO + U approach. As
mentioned previously, the two peaks situated �2 eV corre-
spond to intra-t2g excitations (dashed and dotted blue curves
in Fig. 6). We divided the occupied part of the t2g energy band
into two groups—4 bands in close vicinity to the Fermi level
(blue curves in Fig. 2) and the other 12 bands situated at lower
energy (red curves in Fig. 2)—and calculated the interband
transitions from these two groups to empty t2g states (magenta
curves in Fig. 2) separately. We found that the small number
of occupied bands in close vicinity to the Fermi level produce
a larger RIXS signal (peak α) than the large number of LEBs
(peak β) due to corresponding matrix elements. The peak γ

located at ∼3 eV (red curve in the lower panel of Fig. 6)
was found to be due to t2g → eg transitions. The strong fine
structure δ at ∼5.8 eV (green curve) is due to 4dO → t2g

transitions. The structure which extends from 7 up to 11 eV
(the magenta curve) presents 4dO → eg transitions. The
theoretical calculations are in good agreement with the exper-
imental data.

Figure 6 (the upper panel) shows the theoretically calcu-
lated RIXS spectrum at the Ru M3 edge presented as partial
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FIG. 6. The experimental RIXS spectrum (open magenta circles)
measured at 25 K by Bertinshaw et al. [29] at the Ru L3 edge of
Ca3Ru2O7 compared with the theoretically calculated partial contri-
butions to the RIXS spectrum from different interband transitions
(the lower panel). The upper panel presents the theoretically cal-
culated partial contributions to the RIXS spectrum from different
interband transitions at the M3 edge. The calculations were carried
out in the GGA + SO + U approach with Ue f f = 1.3 eV.

contributions from different interband transitions. The shape
of the spectrum is quite similar to the corresponding spectrum
at the Ru L3 edge, but with approximately 1 order of magni-
tude smaller intensity.

Figure 7 shows the theoretically calculated XAS (the upper
panel) and XMCD (the lower panel) spectra at the Ru L3

and M3 edges of Ca3Ru2O7 calculated in the GGA + SO + U
approach. The widths of the 2p3/2 and 3p3/2 core levels are
close (
2p3/2 = 1.87 eV and 
3p3/2 = 2.2 eV [52]). Therefore,
both the Ru L3 and M3 XAS spectra possess quite similar
structures with a major peak at ∼3 eV, a low energy shoulder
at 0.7 eV, and an additional high energy peak at 15 eV. The
last fine structure is due to the hybridization of Ru 4d states
with the oxygen 2p states which have a corresponding peak
at 15 eV above the Fermi level (not shown). Two low energy
fine structures in the Ru L3 (M3) XAS spectrum �5 eV are
due to transitions from the core 2p3/2 (3p3/2) level to empty
t2g (the low energy shoulder) and eg (the major peak) states.
The transitions to eg states have larger intensity in comparison
with the corresponding transitions into empty t2g states. The
XMCD spectra also have a two-peak structure (lower panel
of Fig. 7), but these spectra are dominated by transitions
into empty t2g states with a small contribution from empty eg

orbitals at higher energy. The XMCD spectrum at the M3 edge
is much smaller than at the L3 edge.

FIG. 7. The theoretically calculated XAS (the upper panel) and
XMCD (the lower panel) spectra at the Ru L3 and M3 edges of
Ca3Ru2O7 calculated in the GGA + SO + U approach with Ue f f =
1.3 eV.

B. Ca L3 and M3 XAS, XMCD, and RIXS spectra

Figure 8 shows the theoretically calculated XAS (the upper
panel) and XMCD (the lower panel) spectra at the Ca L3 and
M3 edges of Ca3Ru2O7. The Ca 3d partial DOS is situated
far above the Fermi level (see Fig. 3). Therefore, both the
Ca L3 and M3 XAS spectra possess one-peak structures at
∼7 eV above the Fermi level. The Ca M3 XAS spectrum is

FIG. 8. The theoretically calculated XAS (the upper panel) and
XMCD (the lower panel) spectra at the Ca L3 and M3 edges of
Ca3Ru2O7 calculated in the GGA + SO + U approach with Ue f f =
1.3 eV.
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FIG. 9. The theoretically calculated RIXS spectra at the Ca L3

and M3 edges in Ca3Ru2O7 (the upper panel) calculated in the
GGA + SO + U approach (Ue f f = 1.3 eV) and partial contributions
to the RIXS spectra from different interband transitions at the Ca M3

(the middle panel) and Ca L3 edges (the lower panel).

much wider than the corresponding L3 spectrum due to a
significantly larger width of the 3p3/2 core level in comparison
with the 2p3/2 one [52]. The Ca L3 XMCD spectrum has a
complicated shape with several positive and negative peaks.
It is more than 1 order of magnitude smaller than the Ru L3

XMCD spectrum (the lower panel of Fig. 7) due to smaller
SOC, spin, and orbital magnetic moments at the Ca site in
comparison with the Ru site (see Table II). The dichroism at
the Ca M3 edge is quite small even compared to the Ca L3

XMCD spectrum.
Figure 9 show the theoretically calculated RIXS spectra

at the Ca L3 and M3 edges in Ca3Ru2O7 (the upper panel)
and partial contributions to the RIXS spectra from different
interband transitions at the Ca M3 (the middle panel) and Ca
L3 edges (the lower panel). The low energy two-peak fine
structure α � 2.5 eV (blue curve) was found to be due to
Cat2g → Cat2g transitions, or more precisely, between Ca 3d
occupied and empty states, which are located in the energy
region of Ru t2g states from −1.7 eV to EF and from 0.1 to

FIG. 10. The theoretically calculated RIXS spectra at the Ca M3

edge in Ca3Ru2O7 obtained for different parameters 
.

0.9 eV, respectively (see Fig. 3). The next fine structure β lo-
cated between 2.5 and 6.5 eV arises from interband transitions
between 4dO states (which are derived from the tails of oxygen
2p states inside the Ca atomic spheres) and Cat2g states. The
peak γ is due to interband transitions from Cat2g states to the
Ca empty 4d states. The large high energy peak δ is due to
4dO → Cad transitions.

The RIXS spectra at the L3 and M3 edges have to possess
similar shapes because they reflect interband transitions be-
tween d5/2 band states and the 2p3/2 and 3p3/2 core levels,
respectively. This is true indeed in the case of the Ru L3 and
M3 RIXS spectra (see Fig. 6). However, the L3 and M3 RIXS
spectra at the Ca site differ from each other (the upper panel
of Fig. 9). There is strong suppression of the low energy peaks
α and β in the Ca M3 RIXS spectrum in comparison with the
Ca L3 spectrum. Such a puzzle can be explained by the sig-
nificant difference in the widths of corresponding core levels
(
3p3/2 = 1.2 eV and 
2p3/2 = 0.21 eV [52]). Figure 10 shows
the theoretically calculated RIXS spectra at the Ca M3 edge
in Ca3Ru2O7 obtained for different core-level parameters 
.
Under decreasing the parameter 
 from 1.2 to 0.2 eV, the
intensity of the low energy peaks α and β is increased and
the shape of the Ca M3 RIXS spectrum is transformed to the
L3 one. The high energy peak δ does not change its shape.
However, when we changed the parameter 
 to a greater
extent from 1 to 6 eV, we found that the intensity of the peak
δ monotonously decreased.

It should be mentioned that the x-ray absorption and RIXS
processes have different nature. The matrix elements of the
RIXS process are more complicated than the x-ray absorption
ones [38,39,41]. As a result, the XAS spectra possess linear
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FIG. 11. The theoretically calculated RIXS spectrum at the
O K edge in Ca3Ru2O7 obtained in the GGA + SO + U approach
(Ue f f = 1.3 eV) and partial contributions to the RIXS spectrum from
different interband transitions in comparison with the experiment
[35].

dependence on the core level width: the larger 
core, the wider
the XAS spectrum without a shape change (see the upper
panel of Fig. 8). The RIXS spectra show nonlinear depen-
dence on 
core, which strongly affects the spectrum shape.

Experimental measurements of the XAS, XMCD, and
RIXS spectra at the Ca L3, M3, and Ru M3 edges are highly
desirable.

C. O, Ca, and Ru K RIXS spectra

The RIXS spectra at the O K edge in Ca3Ru2O7 were mea-
sured by Arx et al. [35] up to 5 eV. The O K RIXS spectrum
consists of a peak centered at zero energy loss, which includes
the elastic line and other low energy features such as phonons
and magnons, two inelastic excitations at 0.5 and 1.8 eV, and
a major peak at ∼3.3 (Fig. 11). We found that the first two
low energy features are due to interband transitions between
occupied and empty Ot2g states, which appear as a result of
the strong hybridization between oxygen 2p states with Ru t2g

LEB and UEB in the vicinity of the Fermi level (see Fig. 3).
Therefore, the oxygen K RIXS spectroscopy can be used for
the estimation of the energy band gap and positions of Ru 4d
Hubbard bands. The major peak at 3.3 eV reflects interband
transitions from occupied O 2p states to the empty oxygen
states which originate from the hybridization with Ru t2g

states. We found that the theory reproduces well the shape and
energy position of the two low energy features. The energy
position of the major peak at 3.3 eV is also reproduced well
by theory, although our calculations give a wider major peak
in comparison with the experiment. The interband transitions
O2p → Oeg are relatively small and occupy a wide energy
interval from 4.1 to 11 eV.

Let us consider now the XAS, XMCD, and RIXS spectra at
the Ru and Ca K edges. For that, we first present the partial Ca
4p and Ru 5p DOS in Fig. 12 in a wide energy interval from
−20 to 40 eV. We distinguish several groups of the bands.
Group a derives from the hybridizations of the p states with
corresponding Ca 4s and Ru 5s states. Group b is due to the
hybridization with oxygen 2p states. Groups c and d are from
the hybridization with Ru t2g LEB and UEB, respectively. The

FIG. 12. The partial Ca 4p and Ru 5p DOS [in states/(atom eV)]
in Ca3Ru2O7 calculated in the GGA + SO + U (Ue f f = 1.3 eV)
approach.

group f comes from the hybridization with Ru eg states. At
last, the very wide structure g, which we divide into several
subgroups, is the Ca 4p and Ru 5p bands themselves.

Figure 13 presents the theoretically calculated XAS (the
upper panel) and XMCD (the lower panel) at the Ca and Ru
K edges. The four fine structures f , g1, g2, and g3 in the Ca
K XAS spectrum can be easily distinguished as transitions
from the Ca 1s core level into corresponding groups of the
Ca 4p states with the same labels. The width of the Ru 1s
core level is much larger than the Ca one (
Ru

1s = 5.33 eV
and 
Ca

1s = 0.77 eV [52]); therefore, the Ru K XAS spectrum
possesses less structured features. The XMCD spectra at both

FIG. 13. The theoretically calculated XAS (the upper panel)
and XMCD spectra (the lower panel) at the Ca and Ru K edges
in Ca3Ru2O7 calculated in the GGA + SO + U approach (Ue f f =
1.3 eV).
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FIG. 14. The theoretically calculated RIXS spectra at the Ca
and Ru K edges (the upper panel) and partial contributions to the
RIXS spectra from different interband transitions (the lower panel)
in Ca3Ru2O7 calculated in the GGA + SO + U approach (Ue f f =
1.3 eV).

Ca and Ru K edges are at least 3 orders of magnitude smaller
than the corresponding XAS spectra.

Figure 14 (the upper panel) presents the theoretically cal-
culated Ca and Ru K RIXS spectra in Ca3Ru2O7. The spectra
significantly differ from each other. The partial contribu-
tions from different interband transitions are also presented in
Fig. 14 at the Ru (the lower panel) and Ca (the middle panel)
K edges. The c → d (t2g → t2g) transitions are visible at the
Ca site, but they are quite small at the Ru one. The transitions
to empty t2g UEB states from the p states which are hybridized
with corresponding oxygen 2p and 2s states (b → d and
a → d , respectively) are quite sharp and intense at the Ca
site and suppressed at the Ru one due to the very large width
of the Ru 1s core level. The largest contribution to the Ru K
RIXS spectrum comes from b → g transitions. They are also
shifted toward higher energy in comparison with the Ca K
spectrum due to the corresponding shift of empty Ru 5p states
with respect to Ca 4p states (see Fig. 12).

Experimental measurements of the XAS, XMCD, and
RIXS spectra at the Ca and Ru K edges are also highly
desirable.

V. CONCLUSIONS

Our calculations show that Ca3Ru2O7 has a novel Mott
insulating state, which is induced by the interplay of SO
coupling and Coulomb repulsion.

The electronic and magnetic properties of Ca3Ru2O7 ox-
ide have been investigated theoretically using first-principle
calculations in the frame of the fully relativistic spin-
polarized Dirac LMTO band structure method to understand
the importance of Coulomb interaction and SOC. The GGA
approximation produces a metallic ground state in Ca3Ru2O7

in contradiction to experimental data which show that this
oxide is a Mott-like AFM insulator. To produce the correct
ground state, one has to take into account strong Coulomb
correlations. The GGA + SO + U approach shifts the occu-
pied and empty t2g bands downward and upward, respectively,
by Ue f f /2 producing a dielectric ground state in Ca3Ru2O7

with a direct energy gap of 0.215 eV and an indirect one
of 0.053 eV. The energy gap is increased with increasing
Hubbard U . We found that in the ground state, Ca3Ru2O7

possesses an AFM-b magnetic structure with the Ru spin mo-
ments ordered antiferromagnetically along the b axis, which
is consistent with experimental data. The Ru spin and orbital
moments are parallel in Ca3Ru2O7 in accordance with Hund’s
third rule. The spin and orbital parts of the magnetic moments
for the Ca ions in Ca3Ru2O7 are found to be quite small.
The magnetic moments at the oxygen sites are also relatively
small, with the largest spin moments at the O4 site and the
smallest ones at the O2 site.

We have theoretically investigated the XAS, XMCD, and
RIXS spectra at the Ru and Ca L3, M3, and K edges as well as
at the O K edge of the Ca3Ru2O7 oxide. The calculated results
are in good agreement with available experimental data. We
have found that the best agreement between the theory and
experiment in the RIXS spectra at the Ru L3 edge can be
achieved for Ue f f = 1.3 eV. The calculations with larger val-
ues of Ue f f shift the RIXS spectrum toward higher energies.

The experimentally measured RIXS spectrum of
Ca3Ru2O7 at the Ru L3 edge possesses a sharp feature
below 2 eV corresponding to transitions within Ru t2g levels.
The excitation located from 2 to 4 eV is due to t2g → eg

transitions. The third wide structure situated at 4.5–11 eV
appears due to transitions between Ru 4dO states and eg and
t2g states. The RIXS spectra at the L3 and M3 edges have to
possess similar shapes because they reflect similar interband
transitions. This is true indeed in the case of the Ru L3 and
M3 RIXS spectra. However, the shapes of the L3 and M3

RIXS spectra at the Ca site quite differ from each other. Such
a puzzle can be explained by the difference in the widths of
corresponding core levels. The significantly larger width of
the 3p3/2 core level leads to the suppression of the low energy
fine structures in the Ca M3 RIXS spectrum.

The RIXS spectrum at the O K edge consists of three ma-
jor inelastic excitations. We found that the two low energy
features �2.5 eV are due to interband transitions between
occupied and empty Ot2g states which appear due to the strong
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hybridization between oxygen 2p and Ru t2g states in close
vicinity to the Fermi level. The next major peak at 2.5–
8 eV reflects interband transitions between occupied O 2p
and empty oxygen states which originate from the hybridiza-
tion with Ru t2g states. Rather weak O2p → Oeg transitions
occupy a wide energy interval between 4 and 11 eV. Al-
though the partial Ca 4p and Ru 5p densities of states possess
similar energy band structures, the RIXS spectra at the Ca

and Ru K edges significantly differ from each other due
to the difference in the widths of corresponding 1s core
levels.
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