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XAS and RIXS

In many Mott insulators this orbital physics is governed by
the crystal field: The levels of the orbitally active ion are split
and the orbital ground state is uniquely determined by local,
single-ion considerations. The orbital excitations from this
ground state are transitions between the crystal-field levels.
Crystal-field transitions between different d orbitals are
called dd excitations. Such excitations are currently routinely
seen by RIXS and are now well understood.

In other cases the crystal field does not split the levels of
the outer shell very much, leaving an orbital (quasi-)
degeneracy in the ground state. This local low-energy degree
of freedom can couple to orbital degrees of freedom on
neighboring sites by superexchange processes, and in this
way collective orbital excitations can emerge. The quanta of
these collective modes are called orbitons, in analogy to spin
waves and magnons. Definitive proof of the existence of
orbitons remains elusive; RIXS is contributing significantly
to the search for orbitons. The distinctive advantages of RIXS
over other spectroscopies when probing orbital excitations
raise promising prospects; see Sec. V.D.3.

d. Magnetic excitations

Magnetism and long-range magnetic ordering are the best
known and most studied consequences of the electron-
electron interactions in solids. When usual magnetic order
sets in, be it either of ferromagnetic, ferrimagnetic, or anti-
ferromagnetic type, the global spin rotation symmetry in the
material is broken. As a result characteristic collective mag-
netic excitations emerge. The resulting low-energy quasipar-
ticles, the magnons, and the interactions between them,
determine all low-temperature magnetic properties. Magnon
energies can extend up to !0:3 eV (e.g., in cuprates) and
their momenta up to !1 !A"1. Recently magnon dispersions
have been measured for the first time with x rays at the Cu
L edge on thin films of La2CuO4 (Braicovich et al., 2010). In
K-edge RIXS bimagnon excitations and their dispersions
have also been observed (Hill et al., 2008).

A melting of the long-range ordering, for instance, through
an increase in quantum fluctuations as a result of the intro-
duction of mobile charge carriers in a localized spin system,
or by the frustration of magnetic interactions between the
spins, can result in the formation of spin-liquid ground states.
Spin liquids potentially have elusive properties such as high-
temperature superconductivity or topological order, which is
only beginning to be explored and understood. Some of
the more exotic magnetic excitations that emerge from
these ground states, such as spinons and triplons, can also
be observed by RIXS (Schlappa et al., 2009). In Sec. V.E, we
review both the experimental and theoretical status of mag-
netic RIXS in detail.

e. Phonons

Phonons are the quantized lattice vibration modes of a
periodic solid. These are bosonic modes with energies typi-
cally below 0.1 eV, so that the detection of single phonon
excitations is only just possible with present day RIXS reso-
lution. Therefore, phonon loss features were resolved for the

first time with RIXS only very recently, at the Cu L edge
(Braicovich et al., 2010) and K edge (Yavaş et al., 2010). In
addition, anomalous features in CuB2O4 have been qualita-
tively described by extending the electron-only considera-
tions to include the lattice degrees of freedom (Hancock
et al., 2010). Theoretically, the study of phonons in RIXS
promises quantitative investigations of the electron-phonon
coupling (Ament, van Veenendaal, and van den Brink, 2010).
In Sec. V.F, we summarize both the experimental and theo-
retical results in the young field of phonon RIXS.

D. The RIXS Process

The microscopic picture of the resonant inelastic x-ray
scattering process is most easily explained in terms of an
example. We choose a copper-oxide material as a typical
example, but it should be stressed again that the focus of
RIXS on transition-metal oxides is something of an accident
and is not a fundamental limitation of the technique. In a
copper-oxide material, one can tune the incoming photon
energy to resonate with the copper K, L, or M absorption
edges, where in each case the incident photon promotes a
different type of core electron into an empty valence shell; see
Figs. 7 and 8. The electronic configuration of Cu2# is
1s22s22p63s23p63d9, with the partially filled 3d valence
shell characteristic of transition-metal ions. The copper
K-edge transition 1s ! 4p is around 9000 eV and in the
hard x-ray regime. The L2;3 edge 2p ! 3d (! 900 eV) and
M2;3 edge 3p ! 3d (! 80 eV) are soft x-ray transitions.
Alternatively, by tuning to the oxygenK edge, one can choose
to promote an O 1s to an empty 2p valence state, which takes
!500 eV.

After absorbing a soft or hard x-ray photon, the system
is in a highly energetic, unstable state: A hole deep in the

FIG. 7 (color). In a direct RIXS process the incoming x rays
excite an electron from a deep-lying core level into the empty
valence band. The empty core state is then filled by an electron from
the occupied states under the emission of an x ray. This RIXS
process creates a valence excitation with momentum !k0 " !k and
energy !!k " !!k0 .
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XAS and RIXS

XAS 
Matrix element 𝑓 𝑉 𝑖

scattering can be found in, for example, Schülke (2007) and
Rueff and Shukla (2010).

The second order amplitude in Eq. (3) becomes large when
!!k matches a resonance energy of the system, and the
incoming photon is absorbed first in the intermediate state,
creating a core hole. The denominator Eg ! !!k " En is

then small, greatly enhancing the second order scattering
amplitude. We neglect the other, off-resonant processes
here, though they do give an important contribution to non-
resonant scattering (Blume, 1985). The resonant part of the
second order amplitude is
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where a lifetime broadening !n is introduced for the inter-
mediate states. This accounts for the many nonradiative
interaction terms that are not included in H0 (for example,
Auger decay), which make the intermediate states short lived.

Resonant scattering can thus occur via a magnetic and a
nonmagnetic term. An estimate shows that the latter domi-
nates. The size of localized 1s copper core orbitals is a0=Z +
0:018 "A, so that for 10 keV photons the exponential eik%r is
close to unity and can be expanded. The nonmagnetic term
can induce a dipole transition of the order of jpj, !Z=a0 ,
5:9$ 10"23 kgm=s, whereas the magnetic term gives a di-
pole transition of order (k % r)!jkj=2, 2:5$ 10"25 kgm=s.
We thus ignore the magnetic term here, and the relevant
transition operator for the RIXS cross section is

D # 1

im!k

XN

i#1

eik%ri! % pi; (7)

where a prefactor has been chosen that streamlines expres-
sions that follow.

The double-differential cross section I(!;k;k0;!; !0) is
now obtained by multiplying by the density of photon states
in the solid angle d# [ # Vk02djk0jd#=(2")3], and divid-
ing by the incident flux c=V (Sakurai, 1967; Blume, 1985;
Schülke, 2007):
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where the classical electron radius re # (1=4"!0)e2=mc2.
The scattering amplitude at zero temperature is given by

F fg(k;k0;!; !0; !k; !k0) #
X
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;

(9)

where the prime in D0 refers to transitions related to the
outgoing x rays. Equations (8) and (9) are referred to as the

Kramers-Heisenberg equations, which are generally used to
calculate the RIXS cross section.

Alternatively, we can rewrite the denominator for the
intermediate states in terms of a Green’s function, which is
also referred to as the intermediate-state propagator, which
describes the system in the presence of a core hole:

G(zk) #
1

zk "H
#

X

n

jnihnj
zk " En

; (10)

where jni forms a complete basis set and

zk # Eg ! !!k ! i!; (11)

with ! taken to be independent of the intermediate states. The
quantity zk is the energy of the initial state combined with the
finite lifetime of the core hole. In the following we often
suppress the explicit label k of zk and denote it simply by z,
with an implicit incident energy dependence. With the core-
hole propagator G and transition operators D in place, the
RIXS scattering amplitude F fg finally reduces to

F fg # hfjD0yG(zk)Djgi: (12)

2. Scattering amplitude in dipole approximation

In the previous section, Eqs. (8) and (9) give the Kramers-
Heisenberg expression for RIXS. The next step is to separate
the part pertaining to the geometry of the experiment from the
fundamental scattering amplitudes that relate to the physical
properties of the system; see Fig. 17. In addition, sharply
defined transition operators will be obtained. Because of the
complexity of the multipole expansion, we first give a deri-
vation in the dipole limit allowing the reader to better follow
the arguments. In the next section, we present the higher-
order transitions.

In the dipole limit, one assumes that eik%ri - eik%Ri , where
Ri indicates the position of the ion to which the electron i is
bound. Note that Ri is not an operator. As a result, the
electronic transitions are due to the momentum operator p
and Eq. (7) becomes

D # ! %D; with D # 1

im!k

XN
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Generally, the matrix elements are expressed in terms of the
position operator r. For example, in the absorption step, one
can write
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where !!k - En " Eg. The operator thus reduces to the

well-known dipole operator D # PN
i#1 e

ik%Riri that causes
electronic transitions.
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REPORTS
Observation of Orbital
Currents in CuO
V. Scagnoli,1* U. Staub,1 Y. Bodenthin,1 R. A. de Souza,1 M. García-Fernández,1

M. Garganourakis,1 A. T. Boothroyd,2 D. Prabhakaran,2 S. W. Lovesey3,4

Orbital currents are proposed to be the order parameter of the pseudo-gap phase of cuprate
high-temperature superconductors. We used resonant x-ray diffraction to observe orbital
currents in a copper-oxygen plaquette, the basic building block of cuprate superconductors.
The confirmation of the existence of orbital currents is an important step toward the understanding
of the cuprates as well as materials lacking inversion symmetry, such as magnetically induced
multiferroics. Although observed in the antiferromagnetic state of cupric oxide, we show that
orbital currents can occur even in the absence of long-range magnetic moment ordering.

Although high-temperature (Tc) supercon-
ductivity was discovered 25 years ago,
there is still no consensus on its micro-

scopic origin. The peculiar properties of the
normal state are widely thought to hold the key
to understanding the electronic behavior of the
cuprates, including superconductivity, and for
this reason considerable attention has been paid
to the pseudo-gap region of the phase diagram
(1). One theoretical approach to describe the
pseudo-gap phase predicts the existence of time-
reversal symmetry breaking because of orbital
currents (2–4). An order parameter that can be
used to characterize this type of broken symmetry
is a polar vector (parity-odd) that is magnetic
(time-odd). Such a vector, also known as an
anapole or toroidal moment, is a familiar quan-
tity in particle physics (5, 6), where it arises
from parity violation inside the nucleus and man-
ifests itself through the magnetoelectric interac-
tion with atomic electrons. The concept has also
been extended to the solid state (7 ), where it can
be used to describe the antiferromagnetic order-
ing in crystal without space inversion center.More-
over, the presence of toroidal-moment ordering and
its relation to magnetically induced multiferroics
is the subject of current debate (8). In principle,
resonant x-ray diffraction (RXD) can detect or-
bital current symmetry breaking directly (9). RXD

takes advantage of resonance effects at an x-ray
absorption edge to single out the contribution of
the resonant atomic species and enhances weak
diffraction signals because of magnetic moments
providing information on electrons in the ground
state not available in conventional diffraction.
The RXD process is a second-order process of
electron-photon coupling perturbation. In the elec-
tric dipole approximation (E1), the scattering
amplitude from a single site is proportional to

f (E1 ! E1) º "
m

!gjRD!jm"!mjRDjg"
E ! Eg ! Em ! iGm=2

"1#

In such a process, a photon with energy E is
scattered by being virtually absorbed and emitted
with polarization D! and D, respectively. Em is the
energy of a virtual intermediate state m with
lifetime !/Gm, Eg is the energy of an equilibrium
state of the electron g belonging to the ground
state of the material, R is the position operator,
and RD = D · R. The sum is on the intermediate
states m.

When the E1 contribution to the resonant
event is small or forbidden, the matrix element
!m|RD|g" must be replaced by (10, 11)

(Em ! Eg)me !mjRDjg" ! i
2
!mjRDq # Rjg"

! "
!

1
2
!mjq$ D # (L! 2S)jg" "2#

where the first contribution is the familiar elec-
tric dipolar term, the second is due to the electric
quadrupole process (E2), and the last is the

magnetic dipole term (M1). q is the photon
wave vector, and L and S are the orbital and
spin angular momentum operators, respectively.
Mixed terms (e.g., E1-M1 and E1-E2) may ap-
pear in the second-order scattering amplitude,
and it is the presence of such terms that allows
contributions from orbital currents to be observed
(9). When mixed terms are present the scat-
tering amplitude is given by, for example, f =
h f (E1-E1) + f (E1-M1), where the complex
parameter h accounts for a possible energy and
lifetime difference between the two events.

Despite its simple chemical formula, cupric
oxide (CuO) is a material that displays a wealth
of interesting properties. It is the building block
of the cuprate high-Tc superconductors. Its crys-
tal structure belongs to the non-centrosymmetric
monoclinic space group Cc (12). CuO under-
goes two different magnetic transitions, at T1 =
213 K and T2 = 230 K (13–15), between which
multiferroic properties have recently been discovered
(16). Below T1, CuO is a commensurate anti-
ferromagnetic with ordering wave vector (1/2, 0,
–1/2). The low, inversion-lacking symmetry makes
it an ideal candidate to detect orbital currents.

We provide evidence of orbital currents
through the observation of E1-M1 RXD at the
Cu L2,3 edges in CuO and suggest the existence
of orbital currents in cuprates and multiferroics.
Figure 1A shows the resonance enhancement at
the copper L2,3 edges of the superlattice reflection
(1/2, 0, –1/2) associated with the antiferromag-
netic motif of the copper magnetic moments.
Energies correspond to the 2p ! 3d electric
dipole excitations. At the L3 edge there are two
resonant features (EA = 929.5 eV and EB =
934.8 eV), whereas at the L2 (EC = 950 eV) edge
there is hardly any resonance. Such a difference
might reflect the presence of spin-orbit coupling,
leading to a substantial departure from the con-
ventional Mott insulating state.

To confirm the magnetic origin of an observed
resonant enhancement, it is standard practice to
perform polarization analysis of the diffracted
x-rays (fig. S1). Magnetic x-ray diffraction has the
property to rotate the polarization of the incident
photons by p/2. Therefore, when the incident
photon polarization is perpendicular to the dif-
fraction plane (an arrangement known as s) all
diffracted photons are polarized within the dif-
fraction plane (p). The absence of diffracted pho-
tons (and the associated Bragg peak) perpendicular

1Swiss Light Source, Paul Scherrer Institut, CH 5232 Villigen
PSI, Switzerland. 2Department of Physics, University of Oxford,
Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK. 3ISIS
Facility, RAL, Oxfordshire OX11 0QX, UK. 4Diamond Light
Source Limited, Oxfordshire OX11 0DE, UK.
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less pronounced [see Fig. 1f], suggesting a strain dependent zone-
boundary dispersion. Therefore, the central experimental obser-
vations, reported here, are that the crystal-!eld environment, the
magnetic exchange interaction and the magnon zone-boundary
dispersions are tunable through strain.

Magnon dispersion. To extract the magnetic-exchange interac-
tion 2Jeff in a more quantitative fashion, three steps are taken.
First, a dense grid of RIXS spectra has been measured along the
nodal and antinodal directions in addition to a constant-|q//|
trajectory connecting the two [see inset of Fig. 2c]. Second, !tting
these spectra allows extracting the full magnon dispersion for all
the !lm systems. Finally, these dispersions are parametrised using
strong-coupling perturbation theory for the Hubbard model to
extract the effective magnetic exchange couplings.

Compilations of nodal and antinodal RIXS spectra are shown
in Fig. 2a, b and Supplementary Fig. 1 The magnon excitations
remain clearly visible even near the zone centre where elastic
scattering is typically enhanced. To extract the magnon disper-
sion, such spectra were !tted using a Gaussian line shape for the
elastic scattering and a quadratic function for the weak
background. The width of the elastic Gaussian is a free parameter
in order to account for a small phonon contribution. Two
antisymmetric Lorentzian functions13–15 for the magnon and the
small multimagnon signals were adopted and convoluted with the
experimental resolution function. The quality of the !ts can be
appreciated from Figs. 1e, f and 2a, b. Generally, the magnon
width was found to be comparable to the experimental resolution
and independent of momentum, suggesting that the line shape is
resolution limited. In contrast to doped systems16,10, magnons
of the LCO thin !lms have a negligible damping and hence the
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less pronounced [see Fig. 1f], suggesting a strain dependent zone-
boundary dispersion. Therefore, the central experimental obser-
vations, reported here, are that the crystal-!eld environment, the
magnetic exchange interaction and the magnon zone-boundary
dispersions are tunable through strain.

Magnon dispersion. To extract the magnetic-exchange interac-
tion 2Jeff in a more quantitative fashion, three steps are taken.
First, a dense grid of RIXS spectra has been measured along the
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these spectra allows extracting the full magnon dispersion for all
the !lm systems. Finally, these dispersions are parametrised using
strong-coupling perturbation theory for the Hubbard model to
extract the effective magnetic exchange couplings.
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in Fig. 2a, b and Supplementary Fig. 1 The magnon excitations
remain clearly visible even near the zone centre where elastic
scattering is typically enhanced. To extract the magnon disper-
sion, such spectra were !tted using a Gaussian line shape for the
elastic scattering and a quadratic function for the weak
background. The width of the elastic Gaussian is a free parameter
in order to account for a small phonon contribution. Two
antisymmetric Lorentzian functions13–15 for the magnon and the
small multimagnon signals were adopted and convoluted with the
experimental resolution function. The quality of the !ts can be
appreciated from Figs. 1e, f and 2a, b. Generally, the magnon
width was found to be comparable to the experimental resolution
and independent of momentum, suggesting that the line shape is
resolution limited. In contrast to doped systems16,10, magnons
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Fig. 1 Strain-dependent XAS and RIXS spectra of La2CuO4 !lms. a Normal incidence (!= 25°) XAS spectra recorded around the copper L3-edge on
La2CuO4 !lms on different substrates as indicated. b–f display grazing incident copper L3-edge RIXS spectra. In b, c, the dd excitations are shown for
different momenta as indicated. For a–c, solid (dashed) lines indicate use of " (#) polarised incident light. d displays the “centre of mass” of the dd
excitations vs. strain $, for samples as indicated. Each (thin !lm) point is an average “centre of mass” value of all the spectra in b, c. The bulk La2CuO4 value
is extracted from ref. 8. e, f present the low-energy part of RIXS spectra (circular points) with four-component (grey lines) line-shape !ts (see text). Notice
that the different !lm systems have, naturally, different elastic components. For visibility all curves in a–e have been given an arbitrary vertical shift.
g, h illustrate schematically the scattering geometry. Source data are provided as a Source Data !le
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less pronounced [see Fig. 1f], suggesting a strain dependent zone-
boundary dispersion. Therefore, the central experimental obser-
vations, reported here, are that the crystal-!eld environment, the
magnetic exchange interaction and the magnon zone-boundary
dispersions are tunable through strain.

Magnon dispersion. To extract the magnetic-exchange interac-
tion 2Jeff in a more quantitative fashion, three steps are taken.
First, a dense grid of RIXS spectra has been measured along the
nodal and antinodal directions in addition to a constant-|q//|
trajectory connecting the two [see inset of Fig. 2c]. Second, !tting
these spectra allows extracting the full magnon dispersion for all
the !lm systems. Finally, these dispersions are parametrised using
strong-coupling perturbation theory for the Hubbard model to
extract the effective magnetic exchange couplings.

Compilations of nodal and antinodal RIXS spectra are shown
in Fig. 2a, b and Supplementary Fig. 1 The magnon excitations
remain clearly visible even near the zone centre where elastic
scattering is typically enhanced. To extract the magnon disper-
sion, such spectra were !tted using a Gaussian line shape for the
elastic scattering and a quadratic function for the weak
background. The width of the elastic Gaussian is a free parameter
in order to account for a small phonon contribution. Two
antisymmetric Lorentzian functions13–15 for the magnon and the
small multimagnon signals were adopted and convoluted with the
experimental resolution function. The quality of the !ts can be
appreciated from Figs. 1e, f and 2a, b. Generally, the magnon
width was found to be comparable to the experimental resolution
and independent of momentum, suggesting that the line shape is
resolution limited. In contrast to doped systems16,10, magnons
of the LCO thin !lms have a negligible damping and hence the
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Fig. 1 Strain-dependent XAS and RIXS spectra of La2CuO4 !lms. a Normal incidence (!= 25°) XAS spectra recorded around the copper L3-edge on
La2CuO4 !lms on different substrates as indicated. b–f display grazing incident copper L3-edge RIXS spectra. In b, c, the dd excitations are shown for
different momenta as indicated. For a–c, solid (dashed) lines indicate use of " (#) polarised incident light. d displays the “centre of mass” of the dd
excitations vs. strain $, for samples as indicated. Each (thin !lm) point is an average “centre of mass” value of all the spectra in b, c. The bulk La2CuO4 value
is extracted from ref. 8. e, f present the low-energy part of RIXS spectra (circular points) with four-component (grey lines) line-shape !ts (see text). Notice
that the different !lm systems have, naturally, different elastic components. For visibility all curves in a–e have been given an arbitrary vertical shift.
g, h illustrate schematically the scattering geometry. Source data are provided as a Source Data !le
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less pronounced [see Fig. 1f], suggesting a strain dependent zone-
boundary dispersion. Therefore, the central experimental obser-
vations, reported here, are that the crystal-!eld environment, the
magnetic exchange interaction and the magnon zone-boundary
dispersions are tunable through strain.

Magnon dispersion. To extract the magnetic-exchange interac-
tion 2Jeff in a more quantitative fashion, three steps are taken.
First, a dense grid of RIXS spectra has been measured along the
nodal and antinodal directions in addition to a constant-|q//|
trajectory connecting the two [see inset of Fig. 2c]. Second, !tting
these spectra allows extracting the full magnon dispersion for all
the !lm systems. Finally, these dispersions are parametrised using
strong-coupling perturbation theory for the Hubbard model to
extract the effective magnetic exchange couplings.

Compilations of nodal and antinodal RIXS spectra are shown
in Fig. 2a, b and Supplementary Fig. 1 The magnon excitations
remain clearly visible even near the zone centre where elastic
scattering is typically enhanced. To extract the magnon disper-
sion, such spectra were !tted using a Gaussian line shape for the
elastic scattering and a quadratic function for the weak
background. The width of the elastic Gaussian is a free parameter
in order to account for a small phonon contribution. Two
antisymmetric Lorentzian functions13–15 for the magnon and the
small multimagnon signals were adopted and convoluted with the
experimental resolution function. The quality of the !ts can be
appreciated from Figs. 1e, f and 2a, b. Generally, the magnon
width was found to be comparable to the experimental resolution
and independent of momentum, suggesting that the line shape is
resolution limited. In contrast to doped systems16,10, magnons
of the LCO thin !lms have a negligible damping and hence the
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Fig. 1 Strain-dependent XAS and RIXS spectra of La2CuO4 !lms. a Normal incidence (!= 25°) XAS spectra recorded around the copper L3-edge on
La2CuO4 !lms on different substrates as indicated. b–f display grazing incident copper L3-edge RIXS spectra. In b, c, the dd excitations are shown for
different momenta as indicated. For a–c, solid (dashed) lines indicate use of " (#) polarised incident light. d displays the “centre of mass” of the dd
excitations vs. strain $, for samples as indicated. Each (thin !lm) point is an average “centre of mass” value of all the spectra in b, c. The bulk La2CuO4 value
is extracted from ref. 8. e, f present the low-energy part of RIXS spectra (circular points) with four-component (grey lines) line-shape !ts (see text). Notice
that the different !lm systems have, naturally, different elastic components. For visibility all curves in a–e have been given an arbitrary vertical shift.
g, h illustrate schematically the scattering geometry. Source data are provided as a Source Data !le

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08664-6 ARTICLE

NATURE COMMUNICATIONS | ���������(2019)�10:786� | https://doi.org/10.1038/s41467-019-08664-6 |www.nature.com/naturecommunications 3

less pronounced [see Fig. 1f], suggesting a strain dependent zone-
boundary dispersion. Therefore, the central experimental obser-
vations, reported here, are that the crystal-!eld environment, the
magnetic exchange interaction and the magnon zone-boundary
dispersions are tunable through strain.

Magnon dispersion. To extract the magnetic-exchange interac-
tion 2Jeff in a more quantitative fashion, three steps are taken.
First, a dense grid of RIXS spectra has been measured along the
nodal and antinodal directions in addition to a constant-|q//|
trajectory connecting the two [see inset of Fig. 2c]. Second, !tting
these spectra allows extracting the full magnon dispersion for all
the !lm systems. Finally, these dispersions are parametrised using
strong-coupling perturbation theory for the Hubbard model to
extract the effective magnetic exchange couplings.

Compilations of nodal and antinodal RIXS spectra are shown
in Fig. 2a, b and Supplementary Fig. 1 The magnon excitations
remain clearly visible even near the zone centre where elastic
scattering is typically enhanced. To extract the magnon disper-
sion, such spectra were !tted using a Gaussian line shape for the
elastic scattering and a quadratic function for the weak
background. The width of the elastic Gaussian is a free parameter
in order to account for a small phonon contribution. Two
antisymmetric Lorentzian functions13–15 for the magnon and the
small multimagnon signals were adopted and convoluted with the
experimental resolution function. The quality of the !ts can be
appreciated from Figs. 1e, f and 2a, b. Generally, the magnon
width was found to be comparable to the experimental resolution
and independent of momentum, suggesting that the line shape is
resolution limited. In contrast to doped systems16,10, magnons
of the LCO thin !lms have a negligible damping and hence the
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Fig. 1 Strain-dependent XAS and RIXS spectra of La2CuO4 !lms. a Normal incidence (!= 25°) XAS spectra recorded around the copper L3-edge on
La2CuO4 !lms on different substrates as indicated. b–f display grazing incident copper L3-edge RIXS spectra. In b, c, the dd excitations are shown for
different momenta as indicated. For a–c, solid (dashed) lines indicate use of " (#) polarised incident light. d displays the “centre of mass” of the dd
excitations vs. strain $, for samples as indicated. Each (thin !lm) point is an average “centre of mass” value of all the spectra in b, c. The bulk La2CuO4 value
is extracted from ref. 8. e, f present the low-energy part of RIXS spectra (circular points) with four-component (grey lines) line-shape !ts (see text). Notice
that the different !lm systems have, naturally, different elastic components. For visibility all curves in a–e have been given an arbitrary vertical shift.
g, h illustrate schematically the scattering geometry. Source data are provided as a Source Data !le
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!!!" was obtained by using Kramers-Kronig (KK) trans-
formation. The validity of KK analysis was checked by
independent ellipsometry measurements between 0.6 and
6.4 eV. XAS spectra were obtained at 80 K under vacuum
of 5# 10$10 Torr at the Beamline 2A of the Pohang Light
Source with !h" % 0:1 eV.

Here we propose a schematic model for emergence of a
novel Mott ground state by a large SO coupling energy #SO
as shown in Fig. 1. Under the Oh symmetry the 5d states
are split into t2g and eg orbital states by the crystal field
energy 10Dq. In general, 4d and 5d TMOs have suffi-
ciently large 10Dq to yield a t52g low-spin state for

Sr2IrO4, and thus the system would become a metal with
partially filled wide t2g band [Fig. 1(a)]. An unrealistically
large U & W could lead to a typical spin S % 1=2 Mott
insulator [Fig. 1(b)]. However, a reasonable U cannot lead
to an insulating state as seen from the fact that Sr2RhO4

is a normal metal. As the SO coupling is taken into
account, the t2g states effectively correspond to the orbital

angular momentum L % 1 states with  ml%'1 % (!jzxi'
ijyzi"=

!!!
2

p
and  ml%0 % jxyi. In the strong SO coupling

limit, the t2g band splits into effective total angular mo-
mentum Jeff % 1=2 doublet and Jeff % 3=2 quartet bands
[Fig. 1(c)] [17]. Note that the Jeff % 1=2 is energetically
higher than the Jeff % 3=2, seemingly against the Hund’s
rule, since the Jeff % 1=2 is branched off from the J5=2
(5d5=2) manifold due to the large crystal field as depicted in
Fig. 1(e). As a result, with the filled Jeff % 3=2 band and

one remaining electron in the Jeff % 1=2 band, the system
is effectively reduced to a half-filled Jeff % 1=2 single band
system [Fig. 1(c)]. The Jeff % 1=2 spin-orbit integrated
states form a narrow band so that even small U opens a
Mott gap, making it a Jeff % 1=2Mott insulator [Fig. 1(d)].
The narrow band width is due to reduced hopping elements
of the Jeff % 1=2 states with isotropic orbital and mixed
spin characters. The formation of the Jeff bands due to the
large #SO explains why Sr2IrO4 (#SO ) 0:4 eV) is insulat-
ing while Sr2RhO4 (#SO ) 0:15 eV) is metallic.
The Jeff band formation is well justified in the LDA and

LDA*U calculations on Sr2IrO4 with and without in-
cluding the SO coupling presented in Fig. 2. The LDA
result [Fig. 2(a)] yields a metal with a wide t2g band as in
Fig. 1(a), and the Fermi surface (FS) is nearly identical to
that of Sr2RhO4 [12,13]. The FS, composed of one-
dimensional yz and zx bands, is represented by holelike
$ and %X sheets and an electronlike %M sheet centered at
", X, and M points, respectively [12]. As the SO coupling
is included [Fig. 2(b)], the FS becomes rounded but retains
the overall topology. Despite small variations in the FS
topology, the band structure changes remarkably: Two
narrow bands crossing EF are split off from the rest due

FIG. 1. Schematic energy diagrams for the 5d5 (t52g) configu-
ration (a) without SO and U, (b) with an unrealistically large U
but no SO, (c) with SO but no U, and (d) with SO and U.
Possible optical transitions A and B are indicated by arrows.
(e) 5d level splittings by the crystal field and SO coupling.
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FIG. 2 (color online). Theoretical Fermi surfaces and band
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of valence band maxima (EB % 0:2 eV) instead of the FS.
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FIG. 4. (Color online) O K-edge RIXS spectrum of Ba2IrO4 for
photons impinging at the sample with an angle ! = 25! (red open
circles). Solid lines are the corresponding fitting curves used to
determine the peak position.

energy was fixed at 530.1 eV, i.e., the energy corresponding
to the in-plane oxygen contribution in the O K-edge XAS
spectra; doing so, we expected to maximize the intensity of
RIXS transitions involving orbitals hybridized with the Ir 5d
t2g states. Therefore, in analogy to Ir L3-edge RIXS, we assign
this transition to the excitation of the hole from the jeff = 1

2
ground state to the jeff = 3

2 band. In a single ion picture [5–9]
the energy cost for this transition is 3"/2, from which the
value of the spin-orbit coupling constant " is estimated to be
0.43 eV. This value remarkably agrees with the estimate of the
spin-orbit coupling in Ba2IrO4 (" = 0.42 eV) given in [14],
based on the Ir L2 and L3 XAS branching ratio.

Figure 5 shows the calculated dependence of the orbital
occupancies on the tetragonal crystal field for " = 0.43 eV.
For the derived values of the orbital occupancies given above,
we calculate an effective tetragonal crystal field of 50 meV,
with relatively tight constraints related to the error bars in the
estimate of the XAS peak intensities, i.e., 0 ! # ! 100 meV.
This result may be compared with the recent work of Boseggia
et al. [19] on Sr2IrO4 who found that "60 ! # ! 35 meV
based on the accurate determination of the magnetic moment
direction relative to the octahedra rotation by XRMS. Figure 5
compares the estimated tetragonal crystal field splittings
in Sr2IrO4 and Ba2IrO4. One can speculate that # " 0 in
Ba2IrO4, while # # 0 in Sr2IrO4, i.e., the effective tetragonal
crystal field has opposite sign in the two compounds. Although
one can intuitively explain this difference by invoking the
elongation of the IrO6 octahedra, which is more pronounced
in Ba2IrO4 than in Sr2IrO4, and thus favors the occupancy of
the xy orbital, it should be noted that this result contradicts
recent theoretical calculations by Katukuri et al. [21]. Indeed,
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FIG. 5. (Color online) Calculated orbital occupancies of the xy,
yz, and zx orbitals as a function of the tetragonal crystal field
splitting #, for " = 0.43 eV. The shaded areas indicate the estimated
range of # in Ba2IrO4, as extracted by the current experiment, and
in Sr2IrO4 [19].

a recent LDA + DMFT study predicts the effective tetragonal
crystal field in Sr2IrO4 to be negative and that an additional
elongation of the c axis is required to recover the SU(2)
limit [27].

In summary, we demonstrate how the combination of soft x-
ray techniques yields more information than any one technique
used in isolation, allowing us in this case to understand the
link between structural distortions (octahedral rotation and
elongation) and the jeff = 1

2 ground state in iridates. By
exploiting x-ray linear dichroism at the O K absorption edge
of the prototypical perovskite iridate Ba2IrO4, we have deter-
mined the orbital occupancies of Ir4+ 5d ground state to be
nxy = 0.37 ± 0.04 and nyz = nzx = 0.31 ± 0.02. An estimate
of the effective tetragonal distortion to the cubic crystal field
splitting is given by extracting the spin-orbit coupling constant
(" = 0.43 eV) from O K-edge RIXS measurements. The
result is that # = 50(50) meV, i.e., very small compared with
the cubic crystal field in Ba2IrO4 of about 3 eV. We conclude
that Ba2IrO4 may be classified as a spin-orbit Mott insulator,
with a ground state close to the ideal jeff = 1

2 state proposed
to give rise to the novel properties of iridates. We hope that
the quantitative information provided by our analysis will
help refine future theoretical approaches and act as a guide to
the large community of “material engineers” which exploits
structural distortions to tune material properties.
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of ! and !, as extracted from experiments [18,19,22,23].
Our main finding is that both the RXMS and RIXS in the
spin-flip channel display a nontrivial dependence on the
direction of !. We show that the L2 edge RXMS intensity in
the cross-polarized channel is identically zero for magnetic
moments lying in the ab plane, irrespective of the tetrago-
nal crystal field splitting of the t2g states, in agreement with
the symmetry arguments of Ref. [10]. This has important
consequences when using RXMS to assign the jeff ! 1=2
ground state for systems in which the magnetic moments
lie in the ab plane such as the A2IrO4 (A ! Sr and Ba)
compounds [3,7]. Our results are discussed with reference
to existing experimental data, and consideration given to
their implications for future work.
The calculation method adopted here for Ir4" follows

along similar lines to that in Refs. [24,25] forL2;3 edge RIXS
in Cu2" cuprates (one-hole eg systems). For Ir4" we limit
ourselves to the subspace of t2g states, setting aside the eg
states, justified by the large octahedral crystal field splitting
(10Dq ! 3 eV [26,27]), which for the 5d5 configuration of
Ir4" produces a single hole in the t2g states, and the hierarchy
of energy scales at play,! " ! " 10Dq. Iridates can thus be
thought of as one-hole t2g systems: dealing with one-particle
systems greatly simplifies the calculations, as particle-
particle interactions are zeroed, and expressions for
one-particle ground and excited states wave functions are
readily derived. Resonant x-ray scattering amplitudes are
then calculated considering intra-ion transitions. The
assumption of considering the subspace spanned by the t2g
states only is further justified by the observation in IrL3 edge
RXMS and RIXS that the magnetic elastic andmagnetic and
spin-orbit excitations resonate at !10Dq lower energy than
the main absorption line [11,18], indicating that they origi-
nate from initial 2p ! 5d transitions into the same unoccu-
pied states within the Ir t2g manifold [18].
The Hamiltonian acting on the 5d t2g states relevant to

irididate perovskites is written as [6,17–19]

H ! !L · S ! !hLzi2: (1)

For negligible SOC (! ! 0), its eigenstates are the familiar
jxy;#i, jyz;#i, and jzx;#i orbitals, where # refers to
the spin. In the case of iridium, however, SOC can be as
large as 0.45 eV [28], and therefore cannot be neglected.
For negligible tetragonal crystal field, i.e., for ! ! 0, the
ground state of the system is the so-called jjeff ! 1=2i state
described below. At intermediate couplings, the eigenstates
ofH are three Kramers doublets, which we write as j0;#i,
j1;#i, and j2;#i.
An essential prerequisite for calculating the resonant

x-ray scattering amplitudes is to determine the eigenvalues
and eigenfunctions of Eq. (1), which for completeness we
present here. The eigenvalues (see Supplemental Material
[29]) are shown in Fig. 1(a) for ! ! 0.45 eV (as extracted
from experiments [18,22,23]) and realistic values of !,
i.e., j!j < 1 eV [18,19,23]. With five electrons filling the

three doublets, one hole is left in the, say, j0;!i state, which
is, therefore, the ground state of the system in the hole rep-
resentation. The corresponding wave function is written as

j0;!ic !
C0jxy;!i" jyz;"i ! ıjzx;"i!!!!!!!!!!!!!!

2" C2
0

p (2)

for !!$001%, and

j0;!iab !
C0$jxy;"i!ıjxy;!i%= !!!

2
p

" jyz;"i" ı jzx;!i!!!!!!!!!!!!!
2"C2

0

p

(3)

FIG. 1 (color online). ! dependence of (a) eigenvalues
of Eq. (1) (blue lines), (b) the ground state orbital occupancies
of the jxy;!i (red), jyz;"i (green), and jzx;"i (yellow line)
states, and (c) the expectation values of the orbital (hLzi, blue),
spin (hSzi, purple) and total (h"zi, green) magnetic moment
components along z in units of "B, and expectation value of the
angular part of the spin orbit coupling (hL · Si, yellow line) in
units of h̄2. The continuous blue line in panel (a) represent the
ground state energy in the hole representation. The corresponding
wave function [according to Eq. (2)] is represented at the top:
blue and orange represent the contributions of the jxy;!i and
$jyz;"i ! ıjzx;"i%=

!!!
2

p
states, respectively. The shaded area in

all panels represents the range of ! values, for which the L2=L3

RXMS intensity ratio is smaller than 0.01 (see Fig. 2).
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FIG. 4. (Color online) O K-edge RIXS spectrum of Ba2IrO4 for
photons impinging at the sample with an angle ! = 25! (red open
circles). Solid lines are the corresponding fitting curves used to
determine the peak position.

energy was fixed at 530.1 eV, i.e., the energy corresponding
to the in-plane oxygen contribution in the O K-edge XAS
spectra; doing so, we expected to maximize the intensity of
RIXS transitions involving orbitals hybridized with the Ir 5d
t2g states. Therefore, in analogy to Ir L3-edge RIXS, we assign
this transition to the excitation of the hole from the jeff = 1

2
ground state to the jeff = 3

2 band. In a single ion picture [5–9]
the energy cost for this transition is 3"/2, from which the
value of the spin-orbit coupling constant " is estimated to be
0.43 eV. This value remarkably agrees with the estimate of the
spin-orbit coupling in Ba2IrO4 (" = 0.42 eV) given in [14],
based on the Ir L2 and L3 XAS branching ratio.

Figure 5 shows the calculated dependence of the orbital
occupancies on the tetragonal crystal field for " = 0.43 eV.
For the derived values of the orbital occupancies given above,
we calculate an effective tetragonal crystal field of 50 meV,
with relatively tight constraints related to the error bars in the
estimate of the XAS peak intensities, i.e., 0 ! # ! 100 meV.
This result may be compared with the recent work of Boseggia
et al. [19] on Sr2IrO4 who found that "60 ! # ! 35 meV
based on the accurate determination of the magnetic moment
direction relative to the octahedra rotation by XRMS. Figure 5
compares the estimated tetragonal crystal field splittings
in Sr2IrO4 and Ba2IrO4. One can speculate that # " 0 in
Ba2IrO4, while # # 0 in Sr2IrO4, i.e., the effective tetragonal
crystal field has opposite sign in the two compounds. Although
one can intuitively explain this difference by invoking the
elongation of the IrO6 octahedra, which is more pronounced
in Ba2IrO4 than in Sr2IrO4, and thus favors the occupancy of
the xy orbital, it should be noted that this result contradicts
recent theoretical calculations by Katukuri et al. [21]. Indeed,
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FIG. 5. (Color online) Calculated orbital occupancies of the xy,
yz, and zx orbitals as a function of the tetragonal crystal field
splitting #, for " = 0.43 eV. The shaded areas indicate the estimated
range of # in Ba2IrO4, as extracted by the current experiment, and
in Sr2IrO4 [19].

a recent LDA + DMFT study predicts the effective tetragonal
crystal field in Sr2IrO4 to be negative and that an additional
elongation of the c axis is required to recover the SU(2)
limit [27].

In summary, we demonstrate how the combination of soft x-
ray techniques yields more information than any one technique
used in isolation, allowing us in this case to understand the
link between structural distortions (octahedral rotation and
elongation) and the jeff = 1

2 ground state in iridates. By
exploiting x-ray linear dichroism at the O K absorption edge
of the prototypical perovskite iridate Ba2IrO4, we have deter-
mined the orbital occupancies of Ir4+ 5d ground state to be
nxy = 0.37 ± 0.04 and nyz = nzx = 0.31 ± 0.02. An estimate
of the effective tetragonal distortion to the cubic crystal field
splitting is given by extracting the spin-orbit coupling constant
(" = 0.43 eV) from O K-edge RIXS measurements. The
result is that # = 50(50) meV, i.e., very small compared with
the cubic crystal field in Ba2IrO4 of about 3 eV. We conclude
that Ba2IrO4 may be classified as a spin-orbit Mott insulator,
with a ground state close to the ideal jeff = 1

2 state proposed
to give rise to the novel properties of iridates. We hope that
the quantitative information provided by our analysis will
help refine future theoretical approaches and act as a guide to
the large community of “material engineers” which exploits
structural distortions to tune material properties.
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!!!" was obtained by using Kramers-Kronig (KK) trans-
formation. The validity of KK analysis was checked by
independent ellipsometry measurements between 0.6 and
6.4 eV. XAS spectra were obtained at 80 K under vacuum
of 5# 10$10 Torr at the Beamline 2A of the Pohang Light
Source with !h" % 0:1 eV.

Here we propose a schematic model for emergence of a
novel Mott ground state by a large SO coupling energy #SO
as shown in Fig. 1. Under the Oh symmetry the 5d states
are split into t2g and eg orbital states by the crystal field
energy 10Dq. In general, 4d and 5d TMOs have suffi-
ciently large 10Dq to yield a t52g low-spin state for

Sr2IrO4, and thus the system would become a metal with
partially filled wide t2g band [Fig. 1(a)]. An unrealistically
large U & W could lead to a typical spin S % 1=2 Mott
insulator [Fig. 1(b)]. However, a reasonable U cannot lead
to an insulating state as seen from the fact that Sr2RhO4

is a normal metal. As the SO coupling is taken into
account, the t2g states effectively correspond to the orbital

angular momentum L % 1 states with  ml%'1 % (!jzxi'
ijyzi"=

!!!
2

p
and  ml%0 % jxyi. In the strong SO coupling

limit, the t2g band splits into effective total angular mo-
mentum Jeff % 1=2 doublet and Jeff % 3=2 quartet bands
[Fig. 1(c)] [17]. Note that the Jeff % 1=2 is energetically
higher than the Jeff % 3=2, seemingly against the Hund’s
rule, since the Jeff % 1=2 is branched off from the J5=2
(5d5=2) manifold due to the large crystal field as depicted in
Fig. 1(e). As a result, with the filled Jeff % 3=2 band and

one remaining electron in the Jeff % 1=2 band, the system
is effectively reduced to a half-filled Jeff % 1=2 single band
system [Fig. 1(c)]. The Jeff % 1=2 spin-orbit integrated
states form a narrow band so that even small U opens a
Mott gap, making it a Jeff % 1=2Mott insulator [Fig. 1(d)].
The narrow band width is due to reduced hopping elements
of the Jeff % 1=2 states with isotropic orbital and mixed
spin characters. The formation of the Jeff bands due to the
large #SO explains why Sr2IrO4 (#SO ) 0:4 eV) is insulat-
ing while Sr2RhO4 (#SO ) 0:15 eV) is metallic.
The Jeff band formation is well justified in the LDA and

LDA*U calculations on Sr2IrO4 with and without in-
cluding the SO coupling presented in Fig. 2. The LDA
result [Fig. 2(a)] yields a metal with a wide t2g band as in
Fig. 1(a), and the Fermi surface (FS) is nearly identical to
that of Sr2RhO4 [12,13]. The FS, composed of one-
dimensional yz and zx bands, is represented by holelike
$ and %X sheets and an electronlike %M sheet centered at
", X, and M points, respectively [12]. As the SO coupling
is included [Fig. 2(b)], the FS becomes rounded but retains
the overall topology. Despite small variations in the FS
topology, the band structure changes remarkably: Two
narrow bands crossing EF are split off from the rest due

FIG. 1. Schematic energy diagrams for the 5d5 (t52g) configu-
ration (a) without SO and U, (b) with an unrealistically large U
but no SO, (c) with SO but no U, and (d) with SO and U.
Possible optical transitions A and B are indicated by arrows.
(e) 5d level splittings by the crystal field and SO coupling.
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(2 eV), and (d) LDA*U. In (c), the left panel shows topology
of valence band maxima (EB % 0:2 eV) instead of the FS.

PRL 101, 076402 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

15 AUGUST 2008

076402-2

X-ray absorption spectroscopy

Sr2IrO4

Phys. Rev. Lett. 101, 076402

RAPID COMMUNICATIONS

M. MORETTI SALA et al. PHYSICAL REVIEW B 89, 121101(R) (2014)

optical conductivity, O K-edge XAS, ARPES [2], XRMS
[10], and RIXS [17,18], and the tetragonal crystal field has
been shown to be small [19]. Like the benchmark compound,
it was suggested that Ba2IrO4 is a spin-orbit Mott insulator
[4], and indeed recent ARPES measurements suggest that
Sr2IrO4 and Ba2IrO4 have qualitatively similar band structures
[20]. The crystal structure and the magnetic properties of
the two compounds, however, are significantly different. In
both Sr2IrO4 and Ba2IrO4 the apical Ir-O bonds are longer
than the in-plane bonds, but with differences of 4% and 7%,
respectively [3,4], implying a larger tetragonal distortion in the
latter compound. Additionally, in Sr2IrO4 the IrO6 octahedra
have a staggered rotation about the c axis by !12" [3], such
that the in-plane Ir-O-Ir angles are not 180", while in Ba2IrO4
the Ir-O-Ir bonds are straight [4]. The combination of a larger
tetragonal distortion and the absence of octahedra rotation has
mainly two effects: (i) the crystal field potential acting on the
central Ir ion is different in the two compounds. Ab initio
quantum chemistry calculations by Hozoi et al. [21] show
that the local Ir-O bonding sets a different energy order of
the Ir t2g levels for the two compounds in the absence of
spin-orbit coupling; in the electron representation, the lowest,
doubly occupied t2g level is xy in Ba2IrO4, and yz/zx in
Sr2IrO4. (ii) The inversion symmetry at the O site between
adjacent Ir ions is preserved and Dzyaloshinsky-Moriya-type
(DM) interaction is suppressed. DM interaction in Sr2IrO4 is
responsible for the canting of the magnetic moments, which in
turn produces a finite ferromagnetic component below 240 K
[10]; Ba2IrO4, instead, does not exhibit a net magnetic moment
at any temperature [4].

Thus taking into account all of the above facts, the question
of whether or not the jeff = 1

2 ground state is realized in
Ba2IrO4 is an interesting but open one. Here we address this
question by presenting the results of oxygen K-edge XAS and
RIXS which allow us to directly determine the occupancy of
the xy, yz, and zx orbitals in the ground state of Eq. (1), and
to estimate the tetragonal crystal field.

O K-edge x-ray absorption spectroscopy (XAS) and res-
onant inelastic x-ray scattering (RIXS) data were taken at
the ID08 soft x-ray beam line of the European Synchrotron
Radiation Facility, Grenoble. XAS spectra were collected
in total-fluorescence-yield mode to ensure the highest bulk
sensitivity. RIXS spectra were measured with the AXES
spectrometer working at a fixed scattering angle of 130".
The energy resolution of the incident photons was better
than 100 meV, while the overall energy resolution of the
RIXS spectra was 180 meV, as determined by measuring
the off-resonant elastic scattering of amorphous graphite. The
photon polarization was set to be either horizontal (H) or
perpendicular (V) to the scattering plane. The photons impinge
onto the sample at an angle ! with respect to the normal of
the sample surface. RIXS measurements were performed at
! = 25" (specular geometry); in this geometry, spectra taken
with horizontal and vertical polarization (4 h each) were found
to be similar, and therefore were summed up to reduce the error
bars. The temperature of the sample was kept below 50 K
during the whole experiment. The sample, a single crystal of
Ba2IrO4 (of !0.5 # 0.5 # 0.2 mm3 size), synthesized at the
National Institute for Materials Science (NIMS) by the slow
cooling technique under pressure [4], was oriented having the
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FIG. 1. (Color online) XAS spectra of Ba2IrO4 for both horizon-
tal (black continuous line) and vertical (red dashed line) polarization
of the photons at ! = 80".

(010) and (001) crystallographic direction in the horizontal
plane. Note that in this geometry the vertical polarization is
always parallel to the (100) axis, while the direction of the
horizontal polarization relative to the sample changes with !
according to !H = (0, cos !, sin ! ).

Figure 1 shows two representative XAS spectra of Ba2IrO4
for both horizontal (black line) and vertical (red line) incident
photon polarization at ! = 80", over an extended energy range
from 525 to 560 eV. A linear background was subtracted by
fitting the flat region at energies lower than 528 eV; the spectra
were then normalized to unity on the high energy side of
the edge jump. We clearly observe a pronounced polarization
dependence, most notably in the prepeak region, at energies
lower than 535 eV. Typically this region is associated with
transitions of the O 1s core electrons to the 2p states hybridized
with the transition metal ion unoccupied valence states; in our
case, these can be mainly associated with the Ir 5d t2g and eg

states. Structures at higher energies are assigned to Ba 5d and Ir
6s and 6p empty states. In Fig. 2 we highlight the polarization
and angular dependence of the prepeak region (528 to 533 eV)
by focusing on the two peaks at 529.1 and 530.1 eV which arise
from O 2p-Ir 5d t2g hybridization. At ! = 0 (left panel) the
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FIG. 2. (Color online) XAS spectra of Ba2IrO4 for both hori-
zontal (black triangles) and vertical (red circles) polarization of
the photons at (left panel) ! = 0" and (right panel) ! = 80". The
corresponding experimental geometries are shown in the inset.
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optical conductivity, O K-edge XAS, ARPES [2], XRMS
[10], and RIXS [17,18], and the tetragonal crystal field has
been shown to be small [19]. Like the benchmark compound,
it was suggested that Ba2IrO4 is a spin-orbit Mott insulator
[4], and indeed recent ARPES measurements suggest that
Sr2IrO4 and Ba2IrO4 have qualitatively similar band structures
[20]. The crystal structure and the magnetic properties of
the two compounds, however, are significantly different. In
both Sr2IrO4 and Ba2IrO4 the apical Ir-O bonds are longer
than the in-plane bonds, but with differences of 4% and 7%,
respectively [3,4], implying a larger tetragonal distortion in the
latter compound. Additionally, in Sr2IrO4 the IrO6 octahedra
have a staggered rotation about the c axis by !12" [3], such
that the in-plane Ir-O-Ir angles are not 180", while in Ba2IrO4
the Ir-O-Ir bonds are straight [4]. The combination of a larger
tetragonal distortion and the absence of octahedra rotation has
mainly two effects: (i) the crystal field potential acting on the
central Ir ion is different in the two compounds. Ab initio
quantum chemistry calculations by Hozoi et al. [21] show
that the local Ir-O bonding sets a different energy order of
the Ir t2g levels for the two compounds in the absence of
spin-orbit coupling; in the electron representation, the lowest,
doubly occupied t2g level is xy in Ba2IrO4, and yz/zx in
Sr2IrO4. (ii) The inversion symmetry at the O site between
adjacent Ir ions is preserved and Dzyaloshinsky-Moriya-type
(DM) interaction is suppressed. DM interaction in Sr2IrO4 is
responsible for the canting of the magnetic moments, which in
turn produces a finite ferromagnetic component below 240 K
[10]; Ba2IrO4, instead, does not exhibit a net magnetic moment
at any temperature [4].

Thus taking into account all of the above facts, the question
of whether or not the jeff = 1

2 ground state is realized in
Ba2IrO4 is an interesting but open one. Here we address this
question by presenting the results of oxygen K-edge XAS and
RIXS which allow us to directly determine the occupancy of
the xy, yz, and zx orbitals in the ground state of Eq. (1), and
to estimate the tetragonal crystal field.

O K-edge x-ray absorption spectroscopy (XAS) and res-
onant inelastic x-ray scattering (RIXS) data were taken at
the ID08 soft x-ray beam line of the European Synchrotron
Radiation Facility, Grenoble. XAS spectra were collected
in total-fluorescence-yield mode to ensure the highest bulk
sensitivity. RIXS spectra were measured with the AXES
spectrometer working at a fixed scattering angle of 130".
The energy resolution of the incident photons was better
than 100 meV, while the overall energy resolution of the
RIXS spectra was 180 meV, as determined by measuring
the off-resonant elastic scattering of amorphous graphite. The
photon polarization was set to be either horizontal (H) or
perpendicular (V) to the scattering plane. The photons impinge
onto the sample at an angle ! with respect to the normal of
the sample surface. RIXS measurements were performed at
! = 25" (specular geometry); in this geometry, spectra taken
with horizontal and vertical polarization (4 h each) were found
to be similar, and therefore were summed up to reduce the error
bars. The temperature of the sample was kept below 50 K
during the whole experiment. The sample, a single crystal of
Ba2IrO4 (of !0.5 # 0.5 # 0.2 mm3 size), synthesized at the
National Institute for Materials Science (NIMS) by the slow
cooling technique under pressure [4], was oriented having the
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FIG. 1. (Color online) XAS spectra of Ba2IrO4 for both horizon-
tal (black continuous line) and vertical (red dashed line) polarization
of the photons at ! = 80".

(010) and (001) crystallographic direction in the horizontal
plane. Note that in this geometry the vertical polarization is
always parallel to the (100) axis, while the direction of the
horizontal polarization relative to the sample changes with !
according to !H = (0, cos !, sin ! ).

Figure 1 shows two representative XAS spectra of Ba2IrO4
for both horizontal (black line) and vertical (red line) incident
photon polarization at ! = 80", over an extended energy range
from 525 to 560 eV. A linear background was subtracted by
fitting the flat region at energies lower than 528 eV; the spectra
were then normalized to unity on the high energy side of
the edge jump. We clearly observe a pronounced polarization
dependence, most notably in the prepeak region, at energies
lower than 535 eV. Typically this region is associated with
transitions of the O 1s core electrons to the 2p states hybridized
with the transition metal ion unoccupied valence states; in our
case, these can be mainly associated with the Ir 5d t2g and eg

states. Structures at higher energies are assigned to Ba 5d and Ir
6s and 6p empty states. In Fig. 2 we highlight the polarization
and angular dependence of the prepeak region (528 to 533 eV)
by focusing on the two peaks at 529.1 and 530.1 eV which arise
from O 2p-Ir 5d t2g hybridization. At ! = 0 (left panel) the
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FIG. 2. (Color online) XAS spectra of Ba2IrO4 for both hori-
zontal (black triangles) and vertical (red circles) polarization of
the photons at (left panel) ! = 0" and (right panel) ! = 80". The
corresponding experimental geometries are shown in the inset.

121101-2

Ba2IrO4



RAPID COMMUNICATIONS

M. MORETTI SALA et al. PHYSICAL REVIEW B 89, 121101(R) (2014)

optical conductivity, O K-edge XAS, ARPES [2], XRMS
[10], and RIXS [17,18], and the tetragonal crystal field has
been shown to be small [19]. Like the benchmark compound,
it was suggested that Ba2IrO4 is a spin-orbit Mott insulator
[4], and indeed recent ARPES measurements suggest that
Sr2IrO4 and Ba2IrO4 have qualitatively similar band structures
[20]. The crystal structure and the magnetic properties of
the two compounds, however, are significantly different. In
both Sr2IrO4 and Ba2IrO4 the apical Ir-O bonds are longer
than the in-plane bonds, but with differences of 4% and 7%,
respectively [3,4], implying a larger tetragonal distortion in the
latter compound. Additionally, in Sr2IrO4 the IrO6 octahedra
have a staggered rotation about the c axis by !12" [3], such
that the in-plane Ir-O-Ir angles are not 180", while in Ba2IrO4
the Ir-O-Ir bonds are straight [4]. The combination of a larger
tetragonal distortion and the absence of octahedra rotation has
mainly two effects: (i) the crystal field potential acting on the
central Ir ion is different in the two compounds. Ab initio
quantum chemistry calculations by Hozoi et al. [21] show
that the local Ir-O bonding sets a different energy order of
the Ir t2g levels for the two compounds in the absence of
spin-orbit coupling; in the electron representation, the lowest,
doubly occupied t2g level is xy in Ba2IrO4, and yz/zx in
Sr2IrO4. (ii) The inversion symmetry at the O site between
adjacent Ir ions is preserved and Dzyaloshinsky-Moriya-type
(DM) interaction is suppressed. DM interaction in Sr2IrO4 is
responsible for the canting of the magnetic moments, which in
turn produces a finite ferromagnetic component below 240 K
[10]; Ba2IrO4, instead, does not exhibit a net magnetic moment
at any temperature [4].

Thus taking into account all of the above facts, the question
of whether or not the jeff = 1

2 ground state is realized in
Ba2IrO4 is an interesting but open one. Here we address this
question by presenting the results of oxygen K-edge XAS and
RIXS which allow us to directly determine the occupancy of
the xy, yz, and zx orbitals in the ground state of Eq. (1), and
to estimate the tetragonal crystal field.

O K-edge x-ray absorption spectroscopy (XAS) and res-
onant inelastic x-ray scattering (RIXS) data were taken at
the ID08 soft x-ray beam line of the European Synchrotron
Radiation Facility, Grenoble. XAS spectra were collected
in total-fluorescence-yield mode to ensure the highest bulk
sensitivity. RIXS spectra were measured with the AXES
spectrometer working at a fixed scattering angle of 130".
The energy resolution of the incident photons was better
than 100 meV, while the overall energy resolution of the
RIXS spectra was 180 meV, as determined by measuring
the off-resonant elastic scattering of amorphous graphite. The
photon polarization was set to be either horizontal (H) or
perpendicular (V) to the scattering plane. The photons impinge
onto the sample at an angle ! with respect to the normal of
the sample surface. RIXS measurements were performed at
! = 25" (specular geometry); in this geometry, spectra taken
with horizontal and vertical polarization (4 h each) were found
to be similar, and therefore were summed up to reduce the error
bars. The temperature of the sample was kept below 50 K
during the whole experiment. The sample, a single crystal of
Ba2IrO4 (of !0.5 # 0.5 # 0.2 mm3 size), synthesized at the
National Institute for Materials Science (NIMS) by the slow
cooling technique under pressure [4], was oriented having the
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FIG. 1. (Color online) XAS spectra of Ba2IrO4 for both horizon-
tal (black continuous line) and vertical (red dashed line) polarization
of the photons at ! = 80".

(010) and (001) crystallographic direction in the horizontal
plane. Note that in this geometry the vertical polarization is
always parallel to the (100) axis, while the direction of the
horizontal polarization relative to the sample changes with !
according to !H = (0, cos !, sin ! ).

Figure 1 shows two representative XAS spectra of Ba2IrO4
for both horizontal (black line) and vertical (red line) incident
photon polarization at ! = 80", over an extended energy range
from 525 to 560 eV. A linear background was subtracted by
fitting the flat region at energies lower than 528 eV; the spectra
were then normalized to unity on the high energy side of
the edge jump. We clearly observe a pronounced polarization
dependence, most notably in the prepeak region, at energies
lower than 535 eV. Typically this region is associated with
transitions of the O 1s core electrons to the 2p states hybridized
with the transition metal ion unoccupied valence states; in our
case, these can be mainly associated with the Ir 5d t2g and eg

states. Structures at higher energies are assigned to Ba 5d and Ir
6s and 6p empty states. In Fig. 2 we highlight the polarization
and angular dependence of the prepeak region (528 to 533 eV)
by focusing on the two peaks at 529.1 and 530.1 eV which arise
from O 2p-Ir 5d t2g hybridization. At ! = 0 (left panel) the
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FIG. 2. (Color online) XAS spectra of Ba2IrO4 for both hori-
zontal (black triangles) and vertical (red circles) polarization of
the photons at (left panel) ! = 0" and (right panel) ! = 80". The
corresponding experimental geometries are shown in the inset.
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optical conductivity, O K-edge XAS, ARPES [2], XRMS
[10], and RIXS [17,18], and the tetragonal crystal field has
been shown to be small [19]. Like the benchmark compound,
it was suggested that Ba2IrO4 is a spin-orbit Mott insulator
[4], and indeed recent ARPES measurements suggest that
Sr2IrO4 and Ba2IrO4 have qualitatively similar band structures
[20]. The crystal structure and the magnetic properties of
the two compounds, however, are significantly different. In
both Sr2IrO4 and Ba2IrO4 the apical Ir-O bonds are longer
than the in-plane bonds, but with differences of 4% and 7%,
respectively [3,4], implying a larger tetragonal distortion in the
latter compound. Additionally, in Sr2IrO4 the IrO6 octahedra
have a staggered rotation about the c axis by !12" [3], such
that the in-plane Ir-O-Ir angles are not 180", while in Ba2IrO4
the Ir-O-Ir bonds are straight [4]. The combination of a larger
tetragonal distortion and the absence of octahedra rotation has
mainly two effects: (i) the crystal field potential acting on the
central Ir ion is different in the two compounds. Ab initio
quantum chemistry calculations by Hozoi et al. [21] show
that the local Ir-O bonding sets a different energy order of
the Ir t2g levels for the two compounds in the absence of
spin-orbit coupling; in the electron representation, the lowest,
doubly occupied t2g level is xy in Ba2IrO4, and yz/zx in
Sr2IrO4. (ii) The inversion symmetry at the O site between
adjacent Ir ions is preserved and Dzyaloshinsky-Moriya-type
(DM) interaction is suppressed. DM interaction in Sr2IrO4 is
responsible for the canting of the magnetic moments, which in
turn produces a finite ferromagnetic component below 240 K
[10]; Ba2IrO4, instead, does not exhibit a net magnetic moment
at any temperature [4].

Thus taking into account all of the above facts, the question
of whether or not the jeff = 1

2 ground state is realized in
Ba2IrO4 is an interesting but open one. Here we address this
question by presenting the results of oxygen K-edge XAS and
RIXS which allow us to directly determine the occupancy of
the xy, yz, and zx orbitals in the ground state of Eq. (1), and
to estimate the tetragonal crystal field.

O K-edge x-ray absorption spectroscopy (XAS) and res-
onant inelastic x-ray scattering (RIXS) data were taken at
the ID08 soft x-ray beam line of the European Synchrotron
Radiation Facility, Grenoble. XAS spectra were collected
in total-fluorescence-yield mode to ensure the highest bulk
sensitivity. RIXS spectra were measured with the AXES
spectrometer working at a fixed scattering angle of 130".
The energy resolution of the incident photons was better
than 100 meV, while the overall energy resolution of the
RIXS spectra was 180 meV, as determined by measuring
the off-resonant elastic scattering of amorphous graphite. The
photon polarization was set to be either horizontal (H) or
perpendicular (V) to the scattering plane. The photons impinge
onto the sample at an angle ! with respect to the normal of
the sample surface. RIXS measurements were performed at
! = 25" (specular geometry); in this geometry, spectra taken
with horizontal and vertical polarization (4 h each) were found
to be similar, and therefore were summed up to reduce the error
bars. The temperature of the sample was kept below 50 K
during the whole experiment. The sample, a single crystal of
Ba2IrO4 (of !0.5 # 0.5 # 0.2 mm3 size), synthesized at the
National Institute for Materials Science (NIMS) by the slow
cooling technique under pressure [4], was oriented having the
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FIG. 1. (Color online) XAS spectra of Ba2IrO4 for both horizon-
tal (black continuous line) and vertical (red dashed line) polarization
of the photons at ! = 80".

(010) and (001) crystallographic direction in the horizontal
plane. Note that in this geometry the vertical polarization is
always parallel to the (100) axis, while the direction of the
horizontal polarization relative to the sample changes with !
according to !H = (0, cos !, sin ! ).

Figure 1 shows two representative XAS spectra of Ba2IrO4
for both horizontal (black line) and vertical (red line) incident
photon polarization at ! = 80", over an extended energy range
from 525 to 560 eV. A linear background was subtracted by
fitting the flat region at energies lower than 528 eV; the spectra
were then normalized to unity on the high energy side of
the edge jump. We clearly observe a pronounced polarization
dependence, most notably in the prepeak region, at energies
lower than 535 eV. Typically this region is associated with
transitions of the O 1s core electrons to the 2p states hybridized
with the transition metal ion unoccupied valence states; in our
case, these can be mainly associated with the Ir 5d t2g and eg

states. Structures at higher energies are assigned to Ba 5d and Ir
6s and 6p empty states. In Fig. 2 we highlight the polarization
and angular dependence of the prepeak region (528 to 533 eV)
by focusing on the two peaks at 529.1 and 530.1 eV which arise
from O 2p-Ir 5d t2g hybridization. At ! = 0 (left panel) the
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FIG. 2. (Color online) XAS spectra of Ba2IrO4 for both hori-
zontal (black triangles) and vertical (red circles) polarization of
the photons at (left panel) ! = 0" and (right panel) ! = 80". The
corresponding experimental geometries are shown in the inset.
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optical conductivity, O K-edge XAS, ARPES [2], XRMS
[10], and RIXS [17,18], and the tetragonal crystal field has
been shown to be small [19]. Like the benchmark compound,
it was suggested that Ba2IrO4 is a spin-orbit Mott insulator
[4], and indeed recent ARPES measurements suggest that
Sr2IrO4 and Ba2IrO4 have qualitatively similar band structures
[20]. The crystal structure and the magnetic properties of
the two compounds, however, are significantly different. In
both Sr2IrO4 and Ba2IrO4 the apical Ir-O bonds are longer
than the in-plane bonds, but with differences of 4% and 7%,
respectively [3,4], implying a larger tetragonal distortion in the
latter compound. Additionally, in Sr2IrO4 the IrO6 octahedra
have a staggered rotation about the c axis by !12" [3], such
that the in-plane Ir-O-Ir angles are not 180", while in Ba2IrO4
the Ir-O-Ir bonds are straight [4]. The combination of a larger
tetragonal distortion and the absence of octahedra rotation has
mainly two effects: (i) the crystal field potential acting on the
central Ir ion is different in the two compounds. Ab initio
quantum chemistry calculations by Hozoi et al. [21] show
that the local Ir-O bonding sets a different energy order of
the Ir t2g levels for the two compounds in the absence of
spin-orbit coupling; in the electron representation, the lowest,
doubly occupied t2g level is xy in Ba2IrO4, and yz/zx in
Sr2IrO4. (ii) The inversion symmetry at the O site between
adjacent Ir ions is preserved and Dzyaloshinsky-Moriya-type
(DM) interaction is suppressed. DM interaction in Sr2IrO4 is
responsible for the canting of the magnetic moments, which in
turn produces a finite ferromagnetic component below 240 K
[10]; Ba2IrO4, instead, does not exhibit a net magnetic moment
at any temperature [4].

Thus taking into account all of the above facts, the question
of whether or not the jeff = 1

2 ground state is realized in
Ba2IrO4 is an interesting but open one. Here we address this
question by presenting the results of oxygen K-edge XAS and
RIXS which allow us to directly determine the occupancy of
the xy, yz, and zx orbitals in the ground state of Eq. (1), and
to estimate the tetragonal crystal field.

O K-edge x-ray absorption spectroscopy (XAS) and res-
onant inelastic x-ray scattering (RIXS) data were taken at
the ID08 soft x-ray beam line of the European Synchrotron
Radiation Facility, Grenoble. XAS spectra were collected
in total-fluorescence-yield mode to ensure the highest bulk
sensitivity. RIXS spectra were measured with the AXES
spectrometer working at a fixed scattering angle of 130".
The energy resolution of the incident photons was better
than 100 meV, while the overall energy resolution of the
RIXS spectra was 180 meV, as determined by measuring
the off-resonant elastic scattering of amorphous graphite. The
photon polarization was set to be either horizontal (H) or
perpendicular (V) to the scattering plane. The photons impinge
onto the sample at an angle ! with respect to the normal of
the sample surface. RIXS measurements were performed at
! = 25" (specular geometry); in this geometry, spectra taken
with horizontal and vertical polarization (4 h each) were found
to be similar, and therefore were summed up to reduce the error
bars. The temperature of the sample was kept below 50 K
during the whole experiment. The sample, a single crystal of
Ba2IrO4 (of !0.5 # 0.5 # 0.2 mm3 size), synthesized at the
National Institute for Materials Science (NIMS) by the slow
cooling technique under pressure [4], was oriented having the
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FIG. 1. (Color online) XAS spectra of Ba2IrO4 for both horizon-
tal (black continuous line) and vertical (red dashed line) polarization
of the photons at ! = 80".

(010) and (001) crystallographic direction in the horizontal
plane. Note that in this geometry the vertical polarization is
always parallel to the (100) axis, while the direction of the
horizontal polarization relative to the sample changes with !
according to !H = (0, cos !, sin ! ).

Figure 1 shows two representative XAS spectra of Ba2IrO4
for both horizontal (black line) and vertical (red line) incident
photon polarization at ! = 80", over an extended energy range
from 525 to 560 eV. A linear background was subtracted by
fitting the flat region at energies lower than 528 eV; the spectra
were then normalized to unity on the high energy side of
the edge jump. We clearly observe a pronounced polarization
dependence, most notably in the prepeak region, at energies
lower than 535 eV. Typically this region is associated with
transitions of the O 1s core electrons to the 2p states hybridized
with the transition metal ion unoccupied valence states; in our
case, these can be mainly associated with the Ir 5d t2g and eg

states. Structures at higher energies are assigned to Ba 5d and Ir
6s and 6p empty states. In Fig. 2 we highlight the polarization
and angular dependence of the prepeak region (528 to 533 eV)
by focusing on the two peaks at 529.1 and 530.1 eV which arise
from O 2p-Ir 5d t2g hybridization. At ! = 0 (left panel) the
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FIG. 2. (Color online) XAS spectra of Ba2IrO4 for both hori-
zontal (black triangles) and vertical (red circles) polarization of
the photons at (left panel) ! = 0" and (right panel) ! = 80". The
corresponding experimental geometries are shown in the inset.
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optical conductivity, O K-edge XAS, ARPES [2], XRMS
[10], and RIXS [17,18], and the tetragonal crystal field has
been shown to be small [19]. Like the benchmark compound,
it was suggested that Ba2IrO4 is a spin-orbit Mott insulator
[4], and indeed recent ARPES measurements suggest that
Sr2IrO4 and Ba2IrO4 have qualitatively similar band structures
[20]. The crystal structure and the magnetic properties of
the two compounds, however, are significantly different. In
both Sr2IrO4 and Ba2IrO4 the apical Ir-O bonds are longer
than the in-plane bonds, but with differences of 4% and 7%,
respectively [3,4], implying a larger tetragonal distortion in the
latter compound. Additionally, in Sr2IrO4 the IrO6 octahedra
have a staggered rotation about the c axis by !12" [3], such
that the in-plane Ir-O-Ir angles are not 180", while in Ba2IrO4
the Ir-O-Ir bonds are straight [4]. The combination of a larger
tetragonal distortion and the absence of octahedra rotation has
mainly two effects: (i) the crystal field potential acting on the
central Ir ion is different in the two compounds. Ab initio
quantum chemistry calculations by Hozoi et al. [21] show
that the local Ir-O bonding sets a different energy order of
the Ir t2g levels for the two compounds in the absence of
spin-orbit coupling; in the electron representation, the lowest,
doubly occupied t2g level is xy in Ba2IrO4, and yz/zx in
Sr2IrO4. (ii) The inversion symmetry at the O site between
adjacent Ir ions is preserved and Dzyaloshinsky-Moriya-type
(DM) interaction is suppressed. DM interaction in Sr2IrO4 is
responsible for the canting of the magnetic moments, which in
turn produces a finite ferromagnetic component below 240 K
[10]; Ba2IrO4, instead, does not exhibit a net magnetic moment
at any temperature [4].

Thus taking into account all of the above facts, the question
of whether or not the jeff = 1

2 ground state is realized in
Ba2IrO4 is an interesting but open one. Here we address this
question by presenting the results of oxygen K-edge XAS and
RIXS which allow us to directly determine the occupancy of
the xy, yz, and zx orbitals in the ground state of Eq. (1), and
to estimate the tetragonal crystal field.

O K-edge x-ray absorption spectroscopy (XAS) and res-
onant inelastic x-ray scattering (RIXS) data were taken at
the ID08 soft x-ray beam line of the European Synchrotron
Radiation Facility, Grenoble. XAS spectra were collected
in total-fluorescence-yield mode to ensure the highest bulk
sensitivity. RIXS spectra were measured with the AXES
spectrometer working at a fixed scattering angle of 130".
The energy resolution of the incident photons was better
than 100 meV, while the overall energy resolution of the
RIXS spectra was 180 meV, as determined by measuring
the off-resonant elastic scattering of amorphous graphite. The
photon polarization was set to be either horizontal (H) or
perpendicular (V) to the scattering plane. The photons impinge
onto the sample at an angle ! with respect to the normal of
the sample surface. RIXS measurements were performed at
! = 25" (specular geometry); in this geometry, spectra taken
with horizontal and vertical polarization (4 h each) were found
to be similar, and therefore were summed up to reduce the error
bars. The temperature of the sample was kept below 50 K
during the whole experiment. The sample, a single crystal of
Ba2IrO4 (of !0.5 # 0.5 # 0.2 mm3 size), synthesized at the
National Institute for Materials Science (NIMS) by the slow
cooling technique under pressure [4], was oriented having the
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FIG. 1. (Color online) XAS spectra of Ba2IrO4 for both horizon-
tal (black continuous line) and vertical (red dashed line) polarization
of the photons at ! = 80".

(010) and (001) crystallographic direction in the horizontal
plane. Note that in this geometry the vertical polarization is
always parallel to the (100) axis, while the direction of the
horizontal polarization relative to the sample changes with !
according to !H = (0, cos !, sin ! ).

Figure 1 shows two representative XAS spectra of Ba2IrO4
for both horizontal (black line) and vertical (red line) incident
photon polarization at ! = 80", over an extended energy range
from 525 to 560 eV. A linear background was subtracted by
fitting the flat region at energies lower than 528 eV; the spectra
were then normalized to unity on the high energy side of
the edge jump. We clearly observe a pronounced polarization
dependence, most notably in the prepeak region, at energies
lower than 535 eV. Typically this region is associated with
transitions of the O 1s core electrons to the 2p states hybridized
with the transition metal ion unoccupied valence states; in our
case, these can be mainly associated with the Ir 5d t2g and eg

states. Structures at higher energies are assigned to Ba 5d and Ir
6s and 6p empty states. In Fig. 2 we highlight the polarization
and angular dependence of the prepeak region (528 to 533 eV)
by focusing on the two peaks at 529.1 and 530.1 eV which arise
from O 2p-Ir 5d t2g hybridization. At ! = 0 (left panel) the
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FIG. 2. (Color online) XAS spectra of Ba2IrO4 for both hori-
zontal (black triangles) and vertical (red circles) polarization of
the photons at (left panel) ! = 0" and (right panel) ! = 80". The
corresponding experimental geometries are shown in the inset.
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optical conductivity, O K-edge XAS, ARPES [2], XRMS
[10], and RIXS [17,18], and the tetragonal crystal field has
been shown to be small [19]. Like the benchmark compound,
it was suggested that Ba2IrO4 is a spin-orbit Mott insulator
[4], and indeed recent ARPES measurements suggest that
Sr2IrO4 and Ba2IrO4 have qualitatively similar band structures
[20]. The crystal structure and the magnetic properties of
the two compounds, however, are significantly different. In
both Sr2IrO4 and Ba2IrO4 the apical Ir-O bonds are longer
than the in-plane bonds, but with differences of 4% and 7%,
respectively [3,4], implying a larger tetragonal distortion in the
latter compound. Additionally, in Sr2IrO4 the IrO6 octahedra
have a staggered rotation about the c axis by !12" [3], such
that the in-plane Ir-O-Ir angles are not 180", while in Ba2IrO4
the Ir-O-Ir bonds are straight [4]. The combination of a larger
tetragonal distortion and the absence of octahedra rotation has
mainly two effects: (i) the crystal field potential acting on the
central Ir ion is different in the two compounds. Ab initio
quantum chemistry calculations by Hozoi et al. [21] show
that the local Ir-O bonding sets a different energy order of
the Ir t2g levels for the two compounds in the absence of
spin-orbit coupling; in the electron representation, the lowest,
doubly occupied t2g level is xy in Ba2IrO4, and yz/zx in
Sr2IrO4. (ii) The inversion symmetry at the O site between
adjacent Ir ions is preserved and Dzyaloshinsky-Moriya-type
(DM) interaction is suppressed. DM interaction in Sr2IrO4 is
responsible for the canting of the magnetic moments, which in
turn produces a finite ferromagnetic component below 240 K
[10]; Ba2IrO4, instead, does not exhibit a net magnetic moment
at any temperature [4].

Thus taking into account all of the above facts, the question
of whether or not the jeff = 1

2 ground state is realized in
Ba2IrO4 is an interesting but open one. Here we address this
question by presenting the results of oxygen K-edge XAS and
RIXS which allow us to directly determine the occupancy of
the xy, yz, and zx orbitals in the ground state of Eq. (1), and
to estimate the tetragonal crystal field.

O K-edge x-ray absorption spectroscopy (XAS) and res-
onant inelastic x-ray scattering (RIXS) data were taken at
the ID08 soft x-ray beam line of the European Synchrotron
Radiation Facility, Grenoble. XAS spectra were collected
in total-fluorescence-yield mode to ensure the highest bulk
sensitivity. RIXS spectra were measured with the AXES
spectrometer working at a fixed scattering angle of 130".
The energy resolution of the incident photons was better
than 100 meV, while the overall energy resolution of the
RIXS spectra was 180 meV, as determined by measuring
the off-resonant elastic scattering of amorphous graphite. The
photon polarization was set to be either horizontal (H) or
perpendicular (V) to the scattering plane. The photons impinge
onto the sample at an angle ! with respect to the normal of
the sample surface. RIXS measurements were performed at
! = 25" (specular geometry); in this geometry, spectra taken
with horizontal and vertical polarization (4 h each) were found
to be similar, and therefore were summed up to reduce the error
bars. The temperature of the sample was kept below 50 K
during the whole experiment. The sample, a single crystal of
Ba2IrO4 (of !0.5 # 0.5 # 0.2 mm3 size), synthesized at the
National Institute for Materials Science (NIMS) by the slow
cooling technique under pressure [4], was oriented having the
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FIG. 1. (Color online) XAS spectra of Ba2IrO4 for both horizon-
tal (black continuous line) and vertical (red dashed line) polarization
of the photons at ! = 80".

(010) and (001) crystallographic direction in the horizontal
plane. Note that in this geometry the vertical polarization is
always parallel to the (100) axis, while the direction of the
horizontal polarization relative to the sample changes with !
according to !H = (0, cos !, sin ! ).

Figure 1 shows two representative XAS spectra of Ba2IrO4
for both horizontal (black line) and vertical (red line) incident
photon polarization at ! = 80", over an extended energy range
from 525 to 560 eV. A linear background was subtracted by
fitting the flat region at energies lower than 528 eV; the spectra
were then normalized to unity on the high energy side of
the edge jump. We clearly observe a pronounced polarization
dependence, most notably in the prepeak region, at energies
lower than 535 eV. Typically this region is associated with
transitions of the O 1s core electrons to the 2p states hybridized
with the transition metal ion unoccupied valence states; in our
case, these can be mainly associated with the Ir 5d t2g and eg

states. Structures at higher energies are assigned to Ba 5d and Ir
6s and 6p empty states. In Fig. 2 we highlight the polarization
and angular dependence of the prepeak region (528 to 533 eV)
by focusing on the two peaks at 529.1 and 530.1 eV which arise
from O 2p-Ir 5d t2g hybridization. At ! = 0 (left panel) the
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FIG. 2. (Color online) XAS spectra of Ba2IrO4 for both hori-
zontal (black triangles) and vertical (red circles) polarization of
the photons at (left panel) ! = 0" and (right panel) ! = 80". The
corresponding experimental geometries are shown in the inset.
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spectra taken with the two photon polarizations are essentially
identical, while for ! = 80! (right panel) the spectra are
strongly affected by polarization: specifically, the low-energy
peak (529.1 eV) is strongly suppressed, while the peak at
higher energy (530.1 eV) is strongly enhanced when switching
from H to V polarization. This behavior reflects the anisotropy
of the orbitals: at ! = 0, !V = (100) and !H = (010), and the
spectra are identical owing to the equivalence of the (100) and
(010) directions in Ba2IrO4; on the other hand, !V = (100),
while !H " (001) at ! = 80!, and the spectra look different as
Ba2IrO4 has tetragonal symmetry.

Following the work of Moon et al. [22] on Sr2IrO4, and in
agreement with the peak assignments in La2#xSrxCuO4 [23],
Sr2RuO4 [24], and Ca2RuO4 [25], the two peaks at 529.1
and 530.1 eV of Fig. 2 arise from transitions to the 5d t2g

states at the apical and in-plane oxygens, respectively. Also,
the broad peaks at 532 and 534 eV (indicated by triangles in
Fig. 1) correspond to transitions to the 5d 3z2 # r2 and x2 # y2

states, respectively [22]. With this assignments, 10Dq can be
estimated to be about 3 eV in Ba2IrO4.

To quantitatively estimate their polarization and angular
dependence, the XAS spectra are fitted in Fig. 2 to two
Gaussian functions plus a third curve (dashed lines) to account
for higher-energy features. While the position and full width
half maximum ("0.55 eV) of the peaks are insensitive to
the different geometries, it is interesting to look at the
angular and polarization dependence of the corresponding
spectral weights: The integrated intensity ratio of the apical
and in-plane oxygen contributions is 0.71 (0.69) for vertical
(horizontal) polarization at ! = 0, and 0.64 (0.11) at ! = 80!,
i.e., the apical oxygen contribution is strongly suppressed,
although not zeroed, in grazing incidence geometry and
horizontal polarization.

The polarization and angular dependence of O K-edge
XAS is determined by the O 2p-Ir 5d t2g hybridization
strength, and the dipole matrix element governing the O
1s-2pi transitions (i = x, y, and z). Figure 3(a) shows the
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FIG. 3. (Color online) (a) Sketch of the O 2pi-Ir 5d t2g orbital
dependent hybridizations, and (b) of the different O 2pi orbitals
(i = x, y, and z) orientations with respect to the incoming photon
polarization. The incidence angle ! is also indicated.

O 2pi-Ir 5d t2g orbital dependent hybridizations; the xy
orbital has a finite overlap with four in-plane O 2px and
2py orbitals, while the yz (zx) orbital hybridizes with two
apical O 2py (2px) and two in-plane O 2pz (2pz) orbitals.
The strength of the hybridization, however, depends on the
Ir-O bond length r , which is different for the in-plane and
apical oxygens: Here we assume a power-law dependence
of the hybridization strength on r , i.e., r#" , where " = 3.5
[26]. From Fig. 3(b) one can understand the angular and
polarization dependence of the O 1s-2pi matrix elements,
which, because of the isotropy of the O 1s orbital, is fully
determined by the relative orientation of the polarization
vector and the O 2pi orbitals. It follows that the transitions
to the O 2px , 2py , and 2pz orbitals have ! dependencies
of 0, cos2 ! , and sin2 ! for horizontal polarization, and 1,
0, and 0 for vertical polarization, respectively. Therefore,
the intensity of the feature associated with the in-plane
oxygens has a ! dependence of nxy cos2 ! + 2nyz sin2 ! for
horizontal polarization, and nxy for vertical polarization. Here
nxy and nyz = nzx are the orbital occupancies of the xy
and yz or zx states, respectively (nxy + nyz + nzx = 1 in
the case of Ir4+). On the other hand, the intensity of the
feature associated with the apical component is given by
1.07#"nyz cos2 ! for horizontal polarization, and 1.07#"nyz for
vertical polarization, where the factor 1.07#" " 80% comes
from the 7% elongation of the IrO6 octahedra. To summarize
these arguments, no angular dependence is expected in the case
of vertical polarization, in agreement with the experimental
findings, while the intensity of the in-plane and apical oxygens
contributions are proportional to nxy and nyz, respectively.
In the case of horizontal polarization, instead, an angular
dependence is expected: Specifically, at normal incidence (! =
0) the intensity is identical to the vertical polarization case,
while at ! = 80! the in-plane and apical oxygens contribution
are proportional to 0.03nxy + 0.97(2nyz) and 1.07#"0.03nyz,
respectively. These considerations allow us to extract the
occupancies of the xy, yz, and zx orbitals, in terms of (fraction
of) holes, from the polarization and angular dependence of
O K-edge XAS (Fig. 2). We obtain nxy = 0.37 ± 0.04 and
nyz = nzx = 0.31 ± 0.02. Although there appears to be a
slightly higher occupancy of the xy orbital (# ! 0), this result
is also consistent with an almost even occupation of the xy,
yz, and zx orbitals (nxy = nyz = nzx = 1/3), suggesting that
Ba2IrO4 belongs to the class of jeff = 1

2 iridates.
Knowledge of the orbital occupancies allow us in turn to

estimate the effective tetragonal crystal field splitting # [see
Eq. (1) and related text]. However, for this we first require a
precise determination of the spin-orbit coupling $ . We can then
use the fact that the occupancies of the xy, yz, and zx orbitals
are given by nxy = C2

0/(C2
0 + 2) and nyz = nzx = 1/(C2

0 + 2),
respectively, where the dependence on # and $ is parametrized
in C0. An estimate of the spin-orbit coupling constant can
be extracted from O K-edge RIXS data. Figure 4 shows
a representative O K-edge RIXS spectrum of Ba2IrO4 for
photons impinging on the sample with an angle ! = 25!

(specular geometry). The spectrum shows a clear elastic line
at zero energy loss and the first distinct feature is found
at 0.64 eV. Higher energy features have the characteristics
of resonant fluorescence emission, as verified by inspecting
their incident photon energy dependence. The incident photon
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tendency towards an orbital selective Mott state is expected
to be driven by Hund’s coupling [12]. Furthermore, the
band-Mott scenario is triggered by a crystal field that renders
the dxy orbital band insulating, such that the resulting half-
filled dxz, dyz band undergoes a conventional Mott transition
driven by the Coulomb interaction [11].
The low-energy electronic excitations of Ca2RuO4 have

been interpreted within an exciton picture where SOC
enters as an important parameter [13]. A similar framework
has been applied to layered iridates—with a 5/6-filled t2g
shell—where a Jeff ! 1/2 quasiparticle emerges from
strong SOC. The existence of this quasiparticle has been
confirmed by detailed resonant inelastic x-ray scattering
(RIXS) studies of both spin and orbital excitations [14,15].
For Ca2RuO4, with modest spin-orbit coupling strength,
studies of the spin excitations have been interpreted as
evidence for a similar composite Jeff ! 1 quasiparticle
[16,17]. However, the full manifold of the low-lying spin-
orbital excitations of Ca2RuO4 has not yet been observed.
The possibility to detect Ru d-orbital excitations through
the oxygen K edge [18,19] offers a unique opportunity
in the case of ruthenates, where direct L-edge RIXS is not
yet available for high-resolution measurements. Moreover,
spin-orbital excitations are mostly inaccessible to neutron
scattering.
Here, we present an oxygen K-edge RIXS study of

Ca2RuO4 focusing on the magnetically ordered phase.
Two low-energy excitations (80 and 400 meV) and two
high-energy excitations (1.3 and 2.2 eV) are identified.

Light-polarization analysis yields insight to the internal
orbital character of these excitations. A detailed analysis
of the 400-meV excitation uncovered a weak dispersion,
consistent with a propagating nature.
In contrast, the high-energy excitations are closely linked

to Hund’s coupling energy scale JH. The excitations
reported here on Ca2RuO4 are unique features of (1) a
band-Mott insulating phase controlled by Hund’s coupling
and Coulomb interactions, and (2) a composite spin-orbital
excitation resulting from SOC. Hence, our results give
experimental support for Ca2RuO4 being in a spin-orbit-
coupled band-Mott insulating phase. Thus, it provides an
experimental unification of the band-Mott [9,11] and van
Vleck-type Mott [16,20] insulator scenarios.

II. METHODS

High-quality single crystals of Ca2RuO4 were grown
using the floating zone techniques [21,22]. X-ray absorp-
tion spectroscopy (XAS) and RIXS [23] were carried out at
the ADRESS beamline [24,25] at the Swiss Light Source
(SLS). The scattering geometry is indicated in Fig. 1(a).
A fixed angle of 130° between incident light and scattered
light was used. In-plane momentum is varied by controlling
the incident photon angle ! shown in Fig. 1(a). Grazing
and normal incidence conditions refers to ! ! 90° and 0°,
respectively. Linear vertical (LV) and horizontal (LH) light
polarizations were used to probe the oxygen K edge at
which an energy resolution of 29 meVor better (half width
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FIG. 1. (a) RIXS geometry with respect to the crystal lattice of Ca2RuO4 is displayed schematically. Ruthenium and oxygen sites are
shown with filled green and blue circles, respectively. The variable incident angle ! is defined with respect to the RuO2 and apical
oxygen planes. Using LVand LH polarized light, for different !, sensitivity to either oxygen px, py, or pz orbitals can be obtained. These
oxygen orbitals in turn hybridize with different unoccupied t2g and eg states on the ruthenium site. (b–d) XAS and RIXS spectra
recorded with linear horizontal light for near grazing and normal incident light conditions as indicated. (b) Background-subtracted x-ray
absorption spectra recorded with settings that optimize either the apical or planar oxygen K-edge resonances as indicated by the dashed
vertical lines. Panels (c) and (d) display RIXS spectra measured at the planar and apical oxygen K edges.
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optical conductivity, O K-edge XAS, ARPES [2], XRMS
[10], and RIXS [17,18], and the tetragonal crystal field has
been shown to be small [19]. Like the benchmark compound,
it was suggested that Ba2IrO4 is a spin-orbit Mott insulator
[4], and indeed recent ARPES measurements suggest that
Sr2IrO4 and Ba2IrO4 have qualitatively similar band structures
[20]. The crystal structure and the magnetic properties of
the two compounds, however, are significantly different. In
both Sr2IrO4 and Ba2IrO4 the apical Ir-O bonds are longer
than the in-plane bonds, but with differences of 4% and 7%,
respectively [3,4], implying a larger tetragonal distortion in the
latter compound. Additionally, in Sr2IrO4 the IrO6 octahedra
have a staggered rotation about the c axis by !12" [3], such
that the in-plane Ir-O-Ir angles are not 180", while in Ba2IrO4
the Ir-O-Ir bonds are straight [4]. The combination of a larger
tetragonal distortion and the absence of octahedra rotation has
mainly two effects: (i) the crystal field potential acting on the
central Ir ion is different in the two compounds. Ab initio
quantum chemistry calculations by Hozoi et al. [21] show
that the local Ir-O bonding sets a different energy order of
the Ir t2g levels for the two compounds in the absence of
spin-orbit coupling; in the electron representation, the lowest,
doubly occupied t2g level is xy in Ba2IrO4, and yz/zx in
Sr2IrO4. (ii) The inversion symmetry at the O site between
adjacent Ir ions is preserved and Dzyaloshinsky-Moriya-type
(DM) interaction is suppressed. DM interaction in Sr2IrO4 is
responsible for the canting of the magnetic moments, which in
turn produces a finite ferromagnetic component below 240 K
[10]; Ba2IrO4, instead, does not exhibit a net magnetic moment
at any temperature [4].

Thus taking into account all of the above facts, the question
of whether or not the jeff = 1

2 ground state is realized in
Ba2IrO4 is an interesting but open one. Here we address this
question by presenting the results of oxygen K-edge XAS and
RIXS which allow us to directly determine the occupancy of
the xy, yz, and zx orbitals in the ground state of Eq. (1), and
to estimate the tetragonal crystal field.

O K-edge x-ray absorption spectroscopy (XAS) and res-
onant inelastic x-ray scattering (RIXS) data were taken at
the ID08 soft x-ray beam line of the European Synchrotron
Radiation Facility, Grenoble. XAS spectra were collected
in total-fluorescence-yield mode to ensure the highest bulk
sensitivity. RIXS spectra were measured with the AXES
spectrometer working at a fixed scattering angle of 130".
The energy resolution of the incident photons was better
than 100 meV, while the overall energy resolution of the
RIXS spectra was 180 meV, as determined by measuring
the off-resonant elastic scattering of amorphous graphite. The
photon polarization was set to be either horizontal (H) or
perpendicular (V) to the scattering plane. The photons impinge
onto the sample at an angle ! with respect to the normal of
the sample surface. RIXS measurements were performed at
! = 25" (specular geometry); in this geometry, spectra taken
with horizontal and vertical polarization (4 h each) were found
to be similar, and therefore were summed up to reduce the error
bars. The temperature of the sample was kept below 50 K
during the whole experiment. The sample, a single crystal of
Ba2IrO4 (of !0.5 # 0.5 # 0.2 mm3 size), synthesized at the
National Institute for Materials Science (NIMS) by the slow
cooling technique under pressure [4], was oriented having the
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FIG. 1. (Color online) XAS spectra of Ba2IrO4 for both horizon-
tal (black continuous line) and vertical (red dashed line) polarization
of the photons at ! = 80".

(010) and (001) crystallographic direction in the horizontal
plane. Note that in this geometry the vertical polarization is
always parallel to the (100) axis, while the direction of the
horizontal polarization relative to the sample changes with !
according to !H = (0, cos !, sin ! ).

Figure 1 shows two representative XAS spectra of Ba2IrO4
for both horizontal (black line) and vertical (red line) incident
photon polarization at ! = 80", over an extended energy range
from 525 to 560 eV. A linear background was subtracted by
fitting the flat region at energies lower than 528 eV; the spectra
were then normalized to unity on the high energy side of
the edge jump. We clearly observe a pronounced polarization
dependence, most notably in the prepeak region, at energies
lower than 535 eV. Typically this region is associated with
transitions of the O 1s core electrons to the 2p states hybridized
with the transition metal ion unoccupied valence states; in our
case, these can be mainly associated with the Ir 5d t2g and eg

states. Structures at higher energies are assigned to Ba 5d and Ir
6s and 6p empty states. In Fig. 2 we highlight the polarization
and angular dependence of the prepeak region (528 to 533 eV)
by focusing on the two peaks at 529.1 and 530.1 eV which arise
from O 2p-Ir 5d t2g hybridization. At ! = 0 (left panel) the
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FIG. 2. (Color online) XAS spectra of Ba2IrO4 for both hori-
zontal (black triangles) and vertical (red circles) polarization of
the photons at (left panel) ! = 0" and (right panel) ! = 80". The
corresponding experimental geometries are shown in the inset.
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FIG. 1. (Color online) XAS of Sr2RuO 4 (top) and Ca2RuO4

(bottom) recorded using horizontal (left) and vertical (right) linearly
polarized light near normal incidence (! ! 0"). A sloping background
has been subtracted and solid lines are Gaussian fits. Top panels show
schematically the oxygen px , pz, and py orbitals and how the cross
section is optimized with different conditions of incident photon angle
and polarization. Lower insets show the elongated and compressed
octahedron.

of 130" and an energy resolution of 29 meV (half width at half
maximum) at the oxygen K edge. All spectra were recorded
at T = 20 K. XAS matrix elements and RIXS momentum
Q = (h,k,l) were varied by changing the incident angle ! [see
inset Fig. 2(a)].

III. RESULTS

In Figs. 1 and 2, x-ray absorption spectra recorded
on Ca2RuO4 and Sr2RuO4 are shown for different light
polarizations and incident angles ! . Good agreement with
previous XAS work [17,18] is found whenever overlap
in temperature, polarization, and incident angle is present.
As generally observed on cuprates [28], iridates [23], and
ruthenates [17,18], the t2g and eg states can be probed through
oxygen hybridization on both the apical and planar oxygen
sites, which have slightly different absorption resonance
energies [28].

By varying light polarization and incident angle ! , matrix
elements favor different p orbitals—see top panels of Fig. 1.
Linear vertical light is, independent of incidence angle, mostly
sensitive to the oxygen py orbitals. By contrast, linear-
horizontal light predominantly probes px orbitals for ! = 0"
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FIG. 2. (Color online) Ca2RuO4. (a),(b) X-ray absorption spectra
recorded with linear horizontal light and incident angle ! = 5" (blue
squares) and 75" (green diamonds). (a) Absorption spectra mainly
probing apical oxygen orbitals, whereas XAS shown in (b) are
mostly sensitive to planar oxygen states. Intensities in (a) and (b) are
normalized to give approximative overlaps between the two curves.
Top panels schematically show the hybridization between Ru d states
and oxygen px/y or pz orbitals (top). The inset in (a) illustrates the
scattering geometry, the incident angle ! , and momentum transfer Q.
(c) Resonant inelastic x-ray spectra collected with momentum transfer
and polarization as indicated and displayed using a logarithmic color
scale as a function of incident photon energy. Notice that the photon
energies in (b) are shifted relatively to (a), so that both apical and
planar t2g resonances are aligned. Furthermore, the elastic line was
aligned to the XAS t2g resonances in (a) and (b), to allow a direct
comparison between RIXS and XAS features.

and pz for ! ! 90". The degree of hybridization between the
ruthenium (Ru4+) 4d orbitals and the oxygen px , py , and pz

orbitals also enters into the absorption cross section. Therefore,
varying incident angle ! and polarization on both planar and
apical oxygen edges yields information about both ruthenium
eg and t2g states.

The first two features in Figs. 1(a)–1(d)—appearing just
below 530 eV—are the oxygen-K absorption resonances due
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optical conductivity, O K-edge XAS, ARPES [2], XRMS
[10], and RIXS [17,18], and the tetragonal crystal field has
been shown to be small [19]. Like the benchmark compound,
it was suggested that Ba2IrO4 is a spin-orbit Mott insulator
[4], and indeed recent ARPES measurements suggest that
Sr2IrO4 and Ba2IrO4 have qualitatively similar band structures
[20]. The crystal structure and the magnetic properties of
the two compounds, however, are significantly different. In
both Sr2IrO4 and Ba2IrO4 the apical Ir-O bonds are longer
than the in-plane bonds, but with differences of 4% and 7%,
respectively [3,4], implying a larger tetragonal distortion in the
latter compound. Additionally, in Sr2IrO4 the IrO6 octahedra
have a staggered rotation about the c axis by !12" [3], such
that the in-plane Ir-O-Ir angles are not 180", while in Ba2IrO4
the Ir-O-Ir bonds are straight [4]. The combination of a larger
tetragonal distortion and the absence of octahedra rotation has
mainly two effects: (i) the crystal field potential acting on the
central Ir ion is different in the two compounds. Ab initio
quantum chemistry calculations by Hozoi et al. [21] show
that the local Ir-O bonding sets a different energy order of
the Ir t2g levels for the two compounds in the absence of
spin-orbit coupling; in the electron representation, the lowest,
doubly occupied t2g level is xy in Ba2IrO4, and yz/zx in
Sr2IrO4. (ii) The inversion symmetry at the O site between
adjacent Ir ions is preserved and Dzyaloshinsky-Moriya-type
(DM) interaction is suppressed. DM interaction in Sr2IrO4 is
responsible for the canting of the magnetic moments, which in
turn produces a finite ferromagnetic component below 240 K
[10]; Ba2IrO4, instead, does not exhibit a net magnetic moment
at any temperature [4].

Thus taking into account all of the above facts, the question
of whether or not the jeff = 1

2 ground state is realized in
Ba2IrO4 is an interesting but open one. Here we address this
question by presenting the results of oxygen K-edge XAS and
RIXS which allow us to directly determine the occupancy of
the xy, yz, and zx orbitals in the ground state of Eq. (1), and
to estimate the tetragonal crystal field.

O K-edge x-ray absorption spectroscopy (XAS) and res-
onant inelastic x-ray scattering (RIXS) data were taken at
the ID08 soft x-ray beam line of the European Synchrotron
Radiation Facility, Grenoble. XAS spectra were collected
in total-fluorescence-yield mode to ensure the highest bulk
sensitivity. RIXS spectra were measured with the AXES
spectrometer working at a fixed scattering angle of 130".
The energy resolution of the incident photons was better
than 100 meV, while the overall energy resolution of the
RIXS spectra was 180 meV, as determined by measuring
the off-resonant elastic scattering of amorphous graphite. The
photon polarization was set to be either horizontal (H) or
perpendicular (V) to the scattering plane. The photons impinge
onto the sample at an angle ! with respect to the normal of
the sample surface. RIXS measurements were performed at
! = 25" (specular geometry); in this geometry, spectra taken
with horizontal and vertical polarization (4 h each) were found
to be similar, and therefore were summed up to reduce the error
bars. The temperature of the sample was kept below 50 K
during the whole experiment. The sample, a single crystal of
Ba2IrO4 (of !0.5 # 0.5 # 0.2 mm3 size), synthesized at the
National Institute for Materials Science (NIMS) by the slow
cooling technique under pressure [4], was oriented having the
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FIG. 1. (Color online) XAS spectra of Ba2IrO4 for both horizon-
tal (black continuous line) and vertical (red dashed line) polarization
of the photons at ! = 80".

(010) and (001) crystallographic direction in the horizontal
plane. Note that in this geometry the vertical polarization is
always parallel to the (100) axis, while the direction of the
horizontal polarization relative to the sample changes with !
according to !H = (0, cos !, sin ! ).

Figure 1 shows two representative XAS spectra of Ba2IrO4
for both horizontal (black line) and vertical (red line) incident
photon polarization at ! = 80", over an extended energy range
from 525 to 560 eV. A linear background was subtracted by
fitting the flat region at energies lower than 528 eV; the spectra
were then normalized to unity on the high energy side of
the edge jump. We clearly observe a pronounced polarization
dependence, most notably in the prepeak region, at energies
lower than 535 eV. Typically this region is associated with
transitions of the O 1s core electrons to the 2p states hybridized
with the transition metal ion unoccupied valence states; in our
case, these can be mainly associated with the Ir 5d t2g and eg

states. Structures at higher energies are assigned to Ba 5d and Ir
6s and 6p empty states. In Fig. 2 we highlight the polarization
and angular dependence of the prepeak region (528 to 533 eV)
by focusing on the two peaks at 529.1 and 530.1 eV which arise
from O 2p-Ir 5d t2g hybridization. At ! = 0 (left panel) the
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FIG. 2. (Color online) XAS spectra of Ba2IrO4 for both hori-
zontal (black triangles) and vertical (red circles) polarization of
the photons at (left panel) ! = 0" and (right panel) ! = 80". The
corresponding experimental geometries are shown in the inset.
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FIG. 1. (Color online) XAS of Sr2RuO 4 (top) and Ca2RuO4

(bottom) recorded using horizontal (left) and vertical (right) linearly
polarized light near normal incidence (! ! 0"). A sloping background
has been subtracted and solid lines are Gaussian fits. Top panels show
schematically the oxygen px , pz, and py orbitals and how the cross
section is optimized with different conditions of incident photon angle
and polarization. Lower insets show the elongated and compressed
octahedron.

of 130" and an energy resolution of 29 meV (half width at half
maximum) at the oxygen K edge. All spectra were recorded
at T = 20 K. XAS matrix elements and RIXS momentum
Q = (h,k,l) were varied by changing the incident angle ! [see
inset Fig. 2(a)].

III. RESULTS

In Figs. 1 and 2, x-ray absorption spectra recorded
on Ca2RuO4 and Sr2RuO4 are shown for different light
polarizations and incident angles ! . Good agreement with
previous XAS work [17,18] is found whenever overlap
in temperature, polarization, and incident angle is present.
As generally observed on cuprates [28], iridates [23], and
ruthenates [17,18], the t2g and eg states can be probed through
oxygen hybridization on both the apical and planar oxygen
sites, which have slightly different absorption resonance
energies [28].

By varying light polarization and incident angle ! , matrix
elements favor different p orbitals—see top panels of Fig. 1.
Linear vertical light is, independent of incidence angle, mostly
sensitive to the oxygen py orbitals. By contrast, linear-
horizontal light predominantly probes px orbitals for ! = 0"

x
pz

px
pz

dxz

In
te

ns
ity

 (a
rb

.u
.) LH

5°

Ca2RuO4

LH
75°

529.1529.1 529.8 530.8 531.8 532.8 533.8

0.0

1.0

2.0

LH
5°

LH
75°

In
te

ns
ity

 (a
rb

.u
.)

Photon energy (eV)
529.1529.1 529.8 530.8 531.8 532.8 533.8 534.8

0.0

1.0

2.0

3.0

LH
-P

ho
to

n 
en

er
gy

 (e
V)

Q  =( -0.30,0)Q  =( -0.30,0)

529.5

529.0

530.0

dx - y
d3z  -r2 2 2 2

Planar

Apical

Energy loss (eV)
0 1 2 3 4 5

////

!

Q////

Q

k
in

kout

Q

t2g
States

eg
States

75°

(arb.u.)

(a)

(b)

(c)

FIG. 2. (Color online) Ca2RuO4. (a),(b) X-ray absorption spectra
recorded with linear horizontal light and incident angle ! = 5" (blue
squares) and 75" (green diamonds). (a) Absorption spectra mainly
probing apical oxygen orbitals, whereas XAS shown in (b) are
mostly sensitive to planar oxygen states. Intensities in (a) and (b) are
normalized to give approximative overlaps between the two curves.
Top panels schematically show the hybridization between Ru d states
and oxygen px/y or pz orbitals (top). The inset in (a) illustrates the
scattering geometry, the incident angle ! , and momentum transfer Q.
(c) Resonant inelastic x-ray spectra collected with momentum transfer
and polarization as indicated and displayed using a logarithmic color
scale as a function of incident photon energy. Notice that the photon
energies in (b) are shifted relatively to (a), so that both apical and
planar t2g resonances are aligned. Furthermore, the elastic line was
aligned to the XAS t2g resonances in (a) and (b), to allow a direct
comparison between RIXS and XAS features.

and pz for ! ! 90". The degree of hybridization between the
ruthenium (Ru4+) 4d orbitals and the oxygen px , py , and pz

orbitals also enters into the absorption cross section. Therefore,
varying incident angle ! and polarization on both planar and
apical oxygen edges yields information about both ruthenium
eg and t2g states.

The first two features in Figs. 1(a)–1(d)—appearing just
below 530 eV—are the oxygen-K absorption resonances due
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optical conductivity, O K-edge XAS, ARPES [2], XRMS
[10], and RIXS [17,18], and the tetragonal crystal field has
been shown to be small [19]. Like the benchmark compound,
it was suggested that Ba2IrO4 is a spin-orbit Mott insulator
[4], and indeed recent ARPES measurements suggest that
Sr2IrO4 and Ba2IrO4 have qualitatively similar band structures
[20]. The crystal structure and the magnetic properties of
the two compounds, however, are significantly different. In
both Sr2IrO4 and Ba2IrO4 the apical Ir-O bonds are longer
than the in-plane bonds, but with differences of 4% and 7%,
respectively [3,4], implying a larger tetragonal distortion in the
latter compound. Additionally, in Sr2IrO4 the IrO6 octahedra
have a staggered rotation about the c axis by !12" [3], such
that the in-plane Ir-O-Ir angles are not 180", while in Ba2IrO4
the Ir-O-Ir bonds are straight [4]. The combination of a larger
tetragonal distortion and the absence of octahedra rotation has
mainly two effects: (i) the crystal field potential acting on the
central Ir ion is different in the two compounds. Ab initio
quantum chemistry calculations by Hozoi et al. [21] show
that the local Ir-O bonding sets a different energy order of
the Ir t2g levels for the two compounds in the absence of
spin-orbit coupling; in the electron representation, the lowest,
doubly occupied t2g level is xy in Ba2IrO4, and yz/zx in
Sr2IrO4. (ii) The inversion symmetry at the O site between
adjacent Ir ions is preserved and Dzyaloshinsky-Moriya-type
(DM) interaction is suppressed. DM interaction in Sr2IrO4 is
responsible for the canting of the magnetic moments, which in
turn produces a finite ferromagnetic component below 240 K
[10]; Ba2IrO4, instead, does not exhibit a net magnetic moment
at any temperature [4].

Thus taking into account all of the above facts, the question
of whether or not the jeff = 1

2 ground state is realized in
Ba2IrO4 is an interesting but open one. Here we address this
question by presenting the results of oxygen K-edge XAS and
RIXS which allow us to directly determine the occupancy of
the xy, yz, and zx orbitals in the ground state of Eq. (1), and
to estimate the tetragonal crystal field.

O K-edge x-ray absorption spectroscopy (XAS) and res-
onant inelastic x-ray scattering (RIXS) data were taken at
the ID08 soft x-ray beam line of the European Synchrotron
Radiation Facility, Grenoble. XAS spectra were collected
in total-fluorescence-yield mode to ensure the highest bulk
sensitivity. RIXS spectra were measured with the AXES
spectrometer working at a fixed scattering angle of 130".
The energy resolution of the incident photons was better
than 100 meV, while the overall energy resolution of the
RIXS spectra was 180 meV, as determined by measuring
the off-resonant elastic scattering of amorphous graphite. The
photon polarization was set to be either horizontal (H) or
perpendicular (V) to the scattering plane. The photons impinge
onto the sample at an angle ! with respect to the normal of
the sample surface. RIXS measurements were performed at
! = 25" (specular geometry); in this geometry, spectra taken
with horizontal and vertical polarization (4 h each) were found
to be similar, and therefore were summed up to reduce the error
bars. The temperature of the sample was kept below 50 K
during the whole experiment. The sample, a single crystal of
Ba2IrO4 (of !0.5 # 0.5 # 0.2 mm3 size), synthesized at the
National Institute for Materials Science (NIMS) by the slow
cooling technique under pressure [4], was oriented having the
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FIG. 1. (Color online) XAS spectra of Ba2IrO4 for both horizon-
tal (black continuous line) and vertical (red dashed line) polarization
of the photons at ! = 80".

(010) and (001) crystallographic direction in the horizontal
plane. Note that in this geometry the vertical polarization is
always parallel to the (100) axis, while the direction of the
horizontal polarization relative to the sample changes with !
according to !H = (0, cos !, sin ! ).

Figure 1 shows two representative XAS spectra of Ba2IrO4
for both horizontal (black line) and vertical (red line) incident
photon polarization at ! = 80", over an extended energy range
from 525 to 560 eV. A linear background was subtracted by
fitting the flat region at energies lower than 528 eV; the spectra
were then normalized to unity on the high energy side of
the edge jump. We clearly observe a pronounced polarization
dependence, most notably in the prepeak region, at energies
lower than 535 eV. Typically this region is associated with
transitions of the O 1s core electrons to the 2p states hybridized
with the transition metal ion unoccupied valence states; in our
case, these can be mainly associated with the Ir 5d t2g and eg

states. Structures at higher energies are assigned to Ba 5d and Ir
6s and 6p empty states. In Fig. 2 we highlight the polarization
and angular dependence of the prepeak region (528 to 533 eV)
by focusing on the two peaks at 529.1 and 530.1 eV which arise
from O 2p-Ir 5d t2g hybridization. At ! = 0 (left panel) the

528 529 530 531528 529 530 531
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FIG. 2. (Color online) XAS spectra of Ba2IrO4 for both hori-
zontal (black triangles) and vertical (red circles) polarization of
the photons at (left panel) ! = 0" and (right panel) ! = 80". The
corresponding experimental geometries are shown in the inset.
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tendency towards an orbital selective Mott state is expected
to be driven by Hund’s coupling [12]. Furthermore, the
band-Mott scenario is triggered by a crystal field that renders
the dxy orbital band insulating, such that the resulting half-
filled dxz, dyz band undergoes a conventional Mott transition
driven by the Coulomb interaction [11].
The low-energy electronic excitations of Ca2RuO4 have

been interpreted within an exciton picture where SOC
enters as an important parameter [13]. A similar framework
has been applied to layered iridates—with a 5/6-filled t2g
shell—where a Jeff ! 1/2 quasiparticle emerges from
strong SOC. The existence of this quasiparticle has been
confirmed by detailed resonant inelastic x-ray scattering
(RIXS) studies of both spin and orbital excitations [14,15].
For Ca2RuO4, with modest spin-orbit coupling strength,
studies of the spin excitations have been interpreted as
evidence for a similar composite Jeff ! 1 quasiparticle
[16,17]. However, the full manifold of the low-lying spin-
orbital excitations of Ca2RuO4 has not yet been observed.
The possibility to detect Ru d-orbital excitations through
the oxygen K edge [18,19] offers a unique opportunity
in the case of ruthenates, where direct L-edge RIXS is not
yet available for high-resolution measurements. Moreover,
spin-orbital excitations are mostly inaccessible to neutron
scattering.
Here, we present an oxygen K-edge RIXS study of

Ca2RuO4 focusing on the magnetically ordered phase.
Two low-energy excitations (80 and 400 meV) and two
high-energy excitations (1.3 and 2.2 eV) are identified.

Light-polarization analysis yields insight to the internal
orbital character of these excitations. A detailed analysis
of the 400-meV excitation uncovered a weak dispersion,
consistent with a propagating nature.
In contrast, the high-energy excitations are closely linked

to Hund’s coupling energy scale JH. The excitations
reported here on Ca2RuO4 are unique features of (1) a
band-Mott insulating phase controlled by Hund’s coupling
and Coulomb interactions, and (2) a composite spin-orbital
excitation resulting from SOC. Hence, our results give
experimental support for Ca2RuO4 being in a spin-orbit-
coupled band-Mott insulating phase. Thus, it provides an
experimental unification of the band-Mott [9,11] and van
Vleck-type Mott [16,20] insulator scenarios.

II. METHODS

High-quality single crystals of Ca2RuO4 were grown
using the floating zone techniques [21,22]. X-ray absorp-
tion spectroscopy (XAS) and RIXS [23] were carried out at
the ADRESS beamline [24,25] at the Swiss Light Source
(SLS). The scattering geometry is indicated in Fig. 1(a).
A fixed angle of 130° between incident light and scattered
light was used. In-plane momentum is varied by controlling
the incident photon angle ! shown in Fig. 1(a). Grazing
and normal incidence conditions refers to ! ! 90° and 0°,
respectively. Linear vertical (LV) and horizontal (LH) light
polarizations were used to probe the oxygen K edge at
which an energy resolution of 29 meVor better (half width
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FIG. 1. (a) RIXS geometry with respect to the crystal lattice of Ca2RuO4 is displayed schematically. Ruthenium and oxygen sites are
shown with filled green and blue circles, respectively. The variable incident angle ! is defined with respect to the RuO2 and apical
oxygen planes. Using LVand LH polarized light, for different !, sensitivity to either oxygen px, py, or pz orbitals can be obtained. These
oxygen orbitals in turn hybridize with different unoccupied t2g and eg states on the ruthenium site. (b–d) XAS and RIXS spectra
recorded with linear horizontal light for near grazing and normal incident light conditions as indicated. (b) Background-subtracted x-ray
absorption spectra recorded with settings that optimize either the apical or planar oxygen K-edge resonances as indicated by the dashed
vertical lines. Panels (c) and (d) display RIXS spectra measured at the planar and apical oxygen K edges.
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tendency towards an orbital selective Mott state is expected
to be driven by Hund’s coupling [12]. Furthermore, the
band-Mott scenario is triggered by a crystal field that renders
the dxy orbital band insulating, such that the resulting half-
filled dxz, dyz band undergoes a conventional Mott transition
driven by the Coulomb interaction [11].
The low-energy electronic excitations of Ca2RuO4 have

been interpreted within an exciton picture where SOC
enters as an important parameter [13]. A similar framework
has been applied to layered iridates—with a 5/6-filled t2g
shell—where a Jeff ! 1/2 quasiparticle emerges from
strong SOC. The existence of this quasiparticle has been
confirmed by detailed resonant inelastic x-ray scattering
(RIXS) studies of both spin and orbital excitations [14,15].
For Ca2RuO4, with modest spin-orbit coupling strength,
studies of the spin excitations have been interpreted as
evidence for a similar composite Jeff ! 1 quasiparticle
[16,17]. However, the full manifold of the low-lying spin-
orbital excitations of Ca2RuO4 has not yet been observed.
The possibility to detect Ru d-orbital excitations through
the oxygen K edge [18,19] offers a unique opportunity
in the case of ruthenates, where direct L-edge RIXS is not
yet available for high-resolution measurements. Moreover,
spin-orbital excitations are mostly inaccessible to neutron
scattering.
Here, we present an oxygen K-edge RIXS study of

Ca2RuO4 focusing on the magnetically ordered phase.
Two low-energy excitations (80 and 400 meV) and two
high-energy excitations (1.3 and 2.2 eV) are identified.

Light-polarization analysis yields insight to the internal
orbital character of these excitations. A detailed analysis
of the 400-meV excitation uncovered a weak dispersion,
consistent with a propagating nature.
In contrast, the high-energy excitations are closely linked

to Hund’s coupling energy scale JH. The excitations
reported here on Ca2RuO4 are unique features of (1) a
band-Mott insulating phase controlled by Hund’s coupling
and Coulomb interactions, and (2) a composite spin-orbital
excitation resulting from SOC. Hence, our results give
experimental support for Ca2RuO4 being in a spin-orbit-
coupled band-Mott insulating phase. Thus, it provides an
experimental unification of the band-Mott [9,11] and van
Vleck-type Mott [16,20] insulator scenarios.

II. METHODS

High-quality single crystals of Ca2RuO4 were grown
using the floating zone techniques [21,22]. X-ray absorp-
tion spectroscopy (XAS) and RIXS [23] were carried out at
the ADRESS beamline [24,25] at the Swiss Light Source
(SLS). The scattering geometry is indicated in Fig. 1(a).
A fixed angle of 130° between incident light and scattered
light was used. In-plane momentum is varied by controlling
the incident photon angle ! shown in Fig. 1(a). Grazing
and normal incidence conditions refers to ! ! 90° and 0°,
respectively. Linear vertical (LV) and horizontal (LH) light
polarizations were used to probe the oxygen K edge at
which an energy resolution of 29 meVor better (half width
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FIG. 1. (a) RIXS geometry with respect to the crystal lattice of Ca2RuO4 is displayed schematically. Ruthenium and oxygen sites are
shown with filled green and blue circles, respectively. The variable incident angle ! is defined with respect to the RuO2 and apical
oxygen planes. Using LVand LH polarized light, for different !, sensitivity to either oxygen px, py, or pz orbitals can be obtained. These
oxygen orbitals in turn hybridize with different unoccupied t2g and eg states on the ruthenium site. (b–d) XAS and RIXS spectra
recorded with linear horizontal light for near grazing and normal incident light conditions as indicated. (b) Background-subtracted x-ray
absorption spectra recorded with settings that optimize either the apical or planar oxygen K-edge resonances as indicated by the dashed
vertical lines. Panels (c) and (d) display RIXS spectra measured at the planar and apical oxygen K edges.
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to Ru t2g hybridization with apical and planar oxygen, re-
spectively [17,18]. Features at higher energies are attributed to
hybridization with eg (d3z2!r2 and dx2!y2 ) Ru orbitals [17]. The
d3z2!r2 states are best probed through pz hybridization on the
apical oxygen site [see Fig. 2(a)]. Comparing t2g (dxy,dxz,dyx)
and d3z2!r2 apical absorption resonances suggests a splitting of
approximately 2 eV in Ca2RuO4. In a similar fashion, dx2!y2

states are best probed through the planar oxygen sites. There,
the t2g to dx2!y2 splitting [Fig. 2(b)] is "3–4 eV. Comparable
energy scales were found in Sr2RuO4.

Next, we turn to the resonant inelastic x-ray spectra
recorded on Ca2RuO4 and Sr2RuO4. In Fig. 2(c), the incident-
photon-energy dependence of the RIXS spectra across apical
and planar oxygen K resonances on Ca2RuO4 is shown for
linear horizontal light polarization at incident angle ! = 75#.
Besides elastic scattering, three pronounced excitations are
resolved at the planar oxygen edge. Those at "2 and "4 eV,
correspond approximately to the t2g to d3z2!r2 and dx2!y2

splittings and are hence assigned to be dd excitations. In
the following, focus is on the low-energy excitations found
at 0.3–0.5 eV for both Ca2RuO4 and Sr2RuO4(see Fig. 3).
These excitations are nondispersive and reside at energies well
above optical phonon branches. Furthermore, as Ca2RuO4 is
an insulator, a plasmon scenario is very unlikely. These are also
incompatible with a simple t2g crystal field splitting, which is
expected to be much smaller than 300 meV.

IV. INTERPRETATION

To gain further insight into the nature of this excitation,
we start by discussing the t2g states. Linear dichroism effects
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FIG. 3. (Color online) RIXS spectra for different momentum
transfers Q|| = (h,0) as indicated on Ca2RuO4 (left) and Sr2RuO4

(right), recorded using linear-horizontal light tuned to the planar
oxygen K edge. For visibility, all spectra are given an individual
vertical offset. Solid lines are fits to a Gaussian (approximately
resolution limited elastic line), an antisymmetric Lorentzian (gray-
shaded component), and a quadratic background.

on x-ray absorption spectra yield information about the orbital
hole occupation nxz

3 = n
yz
3 and n

xy
3 [17,23]. For example, on the

planar oxygen site, px/y ! dxy and pz ! dxz/yz hybridizations
are dominating, whereas px/y ! dxz/yz is leading at the apical
site. Using light polarization to emphasize the px or py

channel, absorption is enhanced on the apical site if hole orbital
occupation n

yz
3 = nxz

3 is high. Likewise, the planar absorption
resonance will be enhanced for large dxy occupation. As a
result, apical and planar absorptions cannot both be strong at
the same time.

The proportion between planar and apical XAS peak
amplitudes is an experimental measure of the ratio R3 =
n

xy
3 /(nxz

3 + n
yz
3 ) [17,23]. Judging from peak amplitudes [17],
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FIG. 4. (Color online) (a) Eigenenergies E3, E2, and E1 of the
Hamiltonian given in Eq. (1) versus "/#so, where " is the crystal
field splitting of the t2g states and #so is the spin-orbit-coupling
strength. Dashed (solid) lines are the solutions in absence (presence)
of spin-orbit interaction. Color indicates the orbital character with
blue being dxy and red being dyz or dxz. Top panels display the orbital
topology of the E3 eigenstate. (b) Ratio n

xy
3 /(nxz

3 + nxz
3 ) between

orbital occupation of dxy and dxz versus "/#so. The solid line is the
model expectation of the Hamiltonian given in Eq. (1). Values of
"/#so for the iridate materials stem from Refs. [3,22,23,29]. The
inset shows schematically how the t2g states are split by spin-orbit
interaction and crystal field.
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XAS and RIXS

In many Mott insulators this orbital physics is governed by
the crystal field: The levels of the orbitally active ion are split
and the orbital ground state is uniquely determined by local,
single-ion considerations. The orbital excitations from this
ground state are transitions between the crystal-field levels.
Crystal-field transitions between different d orbitals are
called dd excitations. Such excitations are currently routinely
seen by RIXS and are now well understood.

In other cases the crystal field does not split the levels of
the outer shell very much, leaving an orbital (quasi-)
degeneracy in the ground state. This local low-energy degree
of freedom can couple to orbital degrees of freedom on
neighboring sites by superexchange processes, and in this
way collective orbital excitations can emerge. The quanta of
these collective modes are called orbitons, in analogy to spin
waves and magnons. Definitive proof of the existence of
orbitons remains elusive; RIXS is contributing significantly
to the search for orbitons. The distinctive advantages of RIXS
over other spectroscopies when probing orbital excitations
raise promising prospects; see Sec. V.D.3.

d. Magnetic excitations

Magnetism and long-range magnetic ordering are the best
known and most studied consequences of the electron-
electron interactions in solids. When usual magnetic order
sets in, be it either of ferromagnetic, ferrimagnetic, or anti-
ferromagnetic type, the global spin rotation symmetry in the
material is broken. As a result characteristic collective mag-
netic excitations emerge. The resulting low-energy quasipar-
ticles, the magnons, and the interactions between them,
determine all low-temperature magnetic properties. Magnon
energies can extend up to !0:3 eV (e.g., in cuprates) and
their momenta up to !1 !A"1. Recently magnon dispersions
have been measured for the first time with x rays at the Cu
L edge on thin films of La2CuO4 (Braicovich et al., 2010). In
K-edge RIXS bimagnon excitations and their dispersions
have also been observed (Hill et al., 2008).

A melting of the long-range ordering, for instance, through
an increase in quantum fluctuations as a result of the intro-
duction of mobile charge carriers in a localized spin system,
or by the frustration of magnetic interactions between the
spins, can result in the formation of spin-liquid ground states.
Spin liquids potentially have elusive properties such as high-
temperature superconductivity or topological order, which is
only beginning to be explored and understood. Some of
the more exotic magnetic excitations that emerge from
these ground states, such as spinons and triplons, can also
be observed by RIXS (Schlappa et al., 2009). In Sec. V.E, we
review both the experimental and theoretical status of mag-
netic RIXS in detail.

e. Phonons

Phonons are the quantized lattice vibration modes of a
periodic solid. These are bosonic modes with energies typi-
cally below 0.1 eV, so that the detection of single phonon
excitations is only just possible with present day RIXS reso-
lution. Therefore, phonon loss features were resolved for the

first time with RIXS only very recently, at the Cu L edge
(Braicovich et al., 2010) and K edge (Yavaş et al., 2010). In
addition, anomalous features in CuB2O4 have been qualita-
tively described by extending the electron-only considera-
tions to include the lattice degrees of freedom (Hancock
et al., 2010). Theoretically, the study of phonons in RIXS
promises quantitative investigations of the electron-phonon
coupling (Ament, van Veenendaal, and van den Brink, 2010).
In Sec. V.F, we summarize both the experimental and theo-
retical results in the young field of phonon RIXS.

D. The RIXS Process

The microscopic picture of the resonant inelastic x-ray
scattering process is most easily explained in terms of an
example. We choose a copper-oxide material as a typical
example, but it should be stressed again that the focus of
RIXS on transition-metal oxides is something of an accident
and is not a fundamental limitation of the technique. In a
copper-oxide material, one can tune the incoming photon
energy to resonate with the copper K, L, or M absorption
edges, where in each case the incident photon promotes a
different type of core electron into an empty valence shell; see
Figs. 7 and 8. The electronic configuration of Cu2# is
1s22s22p63s23p63d9, with the partially filled 3d valence
shell characteristic of transition-metal ions. The copper
K-edge transition 1s ! 4p is around 9000 eV and in the
hard x-ray regime. The L2;3 edge 2p ! 3d (! 900 eV) and
M2;3 edge 3p ! 3d (! 80 eV) are soft x-ray transitions.
Alternatively, by tuning to the oxygenK edge, one can choose
to promote an O 1s to an empty 2p valence state, which takes
!500 eV.

After absorbing a soft or hard x-ray photon, the system
is in a highly energetic, unstable state: A hole deep in the

FIG. 7 (color). In a direct RIXS process the incoming x rays
excite an electron from a deep-lying core level into the empty
valence band. The empty core state is then filled by an electron from
the occupied states under the emission of an x ray. This RIXS
process creates a valence excitation with momentum !k0 " !k and
energy !!k " !!k0 .
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scattering can be found in, for example, Schülke (2007) and
Rueff and Shukla (2010).

The second order amplitude in Eq. (3) becomes large when
!!k matches a resonance energy of the system, and the
incoming photon is absorbed first in the intermediate state,
creating a core hole. The denominator Eg ! !!k " En is

then small, greatly enhancing the second order scattering
amplitude. We neglect the other, off-resonant processes
here, though they do give an important contribution to non-
resonant scattering (Blume, 1985). The resonant part of the
second order amplitude is

e2!
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&
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where a lifetime broadening !n is introduced for the inter-
mediate states. This accounts for the many nonradiative
interaction terms that are not included in H0 (for example,
Auger decay), which make the intermediate states short lived.

Resonant scattering can thus occur via a magnetic and a
nonmagnetic term. An estimate shows that the latter domi-
nates. The size of localized 1s copper core orbitals is a0=Z +
0:018 "A, so that for 10 keV photons the exponential eik%r is
close to unity and can be expanded. The nonmagnetic term
can induce a dipole transition of the order of jpj, !Z=a0 ,
5:9$ 10"23 kgm=s, whereas the magnetic term gives a di-
pole transition of order (k % r)!jkj=2, 2:5$ 10"25 kgm=s.
We thus ignore the magnetic term here, and the relevant
transition operator for the RIXS cross section is

D # 1

im!k

XN

i#1

eik%ri! % pi; (7)

where a prefactor has been chosen that streamlines expres-
sions that follow.

The double-differential cross section I(!;k;k0;!; !0) is
now obtained by multiplying by the density of photon states
in the solid angle d# [ # Vk02djk0jd#=(2")3], and divid-
ing by the incident flux c=V (Sakurai, 1967; Blume, 1985;
Schülke, 2007):

I(!;k;k0;!;!0)#r2em
2!3

k0!k

X

f

jF fg(k;k0;!;!0;!k;!k0)j2

$#(Eg"Ef!!!); (8)

where the classical electron radius re # (1=4"!0)e2=mc2.
The scattering amplitude at zero temperature is given by

F fg(k;k0;!; !0; !k; !k0) #
X

n

hfjD0yjnihnjDjgi
Eg ! !!k " En ! i!n

;

(9)

where the prime in D0 refers to transitions related to the
outgoing x rays. Equations (8) and (9) are referred to as the

Kramers-Heisenberg equations, which are generally used to
calculate the RIXS cross section.

Alternatively, we can rewrite the denominator for the
intermediate states in terms of a Green’s function, which is
also referred to as the intermediate-state propagator, which
describes the system in the presence of a core hole:

G(zk) #
1

zk "H
#

X

n

jnihnj
zk " En

; (10)

where jni forms a complete basis set and

zk # Eg ! !!k ! i!; (11)

with ! taken to be independent of the intermediate states. The
quantity zk is the energy of the initial state combined with the
finite lifetime of the core hole. In the following we often
suppress the explicit label k of zk and denote it simply by z,
with an implicit incident energy dependence. With the core-
hole propagator G and transition operators D in place, the
RIXS scattering amplitude F fg finally reduces to

F fg # hfjD0yG(zk)Djgi: (12)

2. Scattering amplitude in dipole approximation

In the previous section, Eqs. (8) and (9) give the Kramers-
Heisenberg expression for RIXS. The next step is to separate
the part pertaining to the geometry of the experiment from the
fundamental scattering amplitudes that relate to the physical
properties of the system; see Fig. 17. In addition, sharply
defined transition operators will be obtained. Because of the
complexity of the multipole expansion, we first give a deri-
vation in the dipole limit allowing the reader to better follow
the arguments. In the next section, we present the higher-
order transitions.

In the dipole limit, one assumes that eik%ri - eik%Ri , where
Ri indicates the position of the ion to which the electron i is
bound. Note that Ri is not an operator. As a result, the
electronic transitions are due to the momentum operator p
and Eq. (7) becomes

D # ! %D; with D # 1

im!k

XN

i#1

eik%Ripi: (13)

Generally, the matrix elements are expressed in terms of the
position operator r. For example, in the absorption step, one
can write

hnjDjgi#
XN

i#1

eik%Ri

im!k
hnjpijgi

#
XN

i#1

eik%Ri

!!k

"
n

########
'
p2
i

2m
;ri

(########g
&

-
XN

i#1

eik%Ri

!!k
(En"Eg)hnjrijgi-

XN

i#1

eik%Ri hnjrijgi;

where !!k - En " Eg. The operator thus reduces to the

well-known dipole operator D # PN
i#1 e

ik%Riri that causes
electronic transitions.
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Observation of Orbital
Currents in CuO
V. Scagnoli,1* U. Staub,1 Y. Bodenthin,1 R. A. de Souza,1 M. García-Fernández,1

M. Garganourakis,1 A. T. Boothroyd,2 D. Prabhakaran,2 S. W. Lovesey3,4

Orbital currents are proposed to be the order parameter of the pseudo-gap phase of cuprate
high-temperature superconductors. We used resonant x-ray diffraction to observe orbital
currents in a copper-oxygen plaquette, the basic building block of cuprate superconductors.
The confirmation of the existence of orbital currents is an important step toward the understanding
of the cuprates as well as materials lacking inversion symmetry, such as magnetically induced
multiferroics. Although observed in the antiferromagnetic state of cupric oxide, we show that
orbital currents can occur even in the absence of long-range magnetic moment ordering.

Although high-temperature (Tc) supercon-
ductivity was discovered 25 years ago,
there is still no consensus on its micro-

scopic origin. The peculiar properties of the
normal state are widely thought to hold the key
to understanding the electronic behavior of the
cuprates, including superconductivity, and for
this reason considerable attention has been paid
to the pseudo-gap region of the phase diagram
(1). One theoretical approach to describe the
pseudo-gap phase predicts the existence of time-
reversal symmetry breaking because of orbital
currents (2–4). An order parameter that can be
used to characterize this type of broken symmetry
is a polar vector (parity-odd) that is magnetic
(time-odd). Such a vector, also known as an
anapole or toroidal moment, is a familiar quan-
tity in particle physics (5, 6), where it arises
from parity violation inside the nucleus and man-
ifests itself through the magnetoelectric interac-
tion with atomic electrons. The concept has also
been extended to the solid state (7 ), where it can
be used to describe the antiferromagnetic order-
ing in crystal without space inversion center.More-
over, the presence of toroidal-moment ordering and
its relation to magnetically induced multiferroics
is the subject of current debate (8). In principle,
resonant x-ray diffraction (RXD) can detect or-
bital current symmetry breaking directly (9). RXD

takes advantage of resonance effects at an x-ray
absorption edge to single out the contribution of
the resonant atomic species and enhances weak
diffraction signals because of magnetic moments
providing information on electrons in the ground
state not available in conventional diffraction.
The RXD process is a second-order process of
electron-photon coupling perturbation. In the elec-
tric dipole approximation (E1), the scattering
amplitude from a single site is proportional to

f (E1 ! E1) º "
m

!gjRD!jm"!mjRDjg"
E ! Eg ! Em ! iGm=2

"1#

In such a process, a photon with energy E is
scattered by being virtually absorbed and emitted
with polarization D! and D, respectively. Em is the
energy of a virtual intermediate state m with
lifetime !/Gm, Eg is the energy of an equilibrium
state of the electron g belonging to the ground
state of the material, R is the position operator,
and RD = D · R. The sum is on the intermediate
states m.

When the E1 contribution to the resonant
event is small or forbidden, the matrix element
!m|RD|g" must be replaced by (10, 11)

(Em ! Eg)me !mjRDjg" ! i
2
!mjRDq # Rjg"

! "
!

1
2
!mjq$ D # (L! 2S)jg" "2#

where the first contribution is the familiar elec-
tric dipolar term, the second is due to the electric
quadrupole process (E2), and the last is the

magnetic dipole term (M1). q is the photon
wave vector, and L and S are the orbital and
spin angular momentum operators, respectively.
Mixed terms (e.g., E1-M1 and E1-E2) may ap-
pear in the second-order scattering amplitude,
and it is the presence of such terms that allows
contributions from orbital currents to be observed
(9). When mixed terms are present the scat-
tering amplitude is given by, for example, f =
h f (E1-E1) + f (E1-M1), where the complex
parameter h accounts for a possible energy and
lifetime difference between the two events.

Despite its simple chemical formula, cupric
oxide (CuO) is a material that displays a wealth
of interesting properties. It is the building block
of the cuprate high-Tc superconductors. Its crys-
tal structure belongs to the non-centrosymmetric
monoclinic space group Cc (12). CuO under-
goes two different magnetic transitions, at T1 =
213 K and T2 = 230 K (13–15), between which
multiferroic properties have recently been discovered
(16). Below T1, CuO is a commensurate anti-
ferromagnetic with ordering wave vector (1/2, 0,
–1/2). The low, inversion-lacking symmetry makes
it an ideal candidate to detect orbital currents.

We provide evidence of orbital currents
through the observation of E1-M1 RXD at the
Cu L2,3 edges in CuO and suggest the existence
of orbital currents in cuprates and multiferroics.
Figure 1A shows the resonance enhancement at
the copper L2,3 edges of the superlattice reflection
(1/2, 0, –1/2) associated with the antiferromag-
netic motif of the copper magnetic moments.
Energies correspond to the 2p ! 3d electric
dipole excitations. At the L3 edge there are two
resonant features (EA = 929.5 eV and EB =
934.8 eV), whereas at the L2 (EC = 950 eV) edge
there is hardly any resonance. Such a difference
might reflect the presence of spin-orbit coupling,
leading to a substantial departure from the con-
ventional Mott insulating state.

To confirm the magnetic origin of an observed
resonant enhancement, it is standard practice to
perform polarization analysis of the diffracted
x-rays (fig. S1). Magnetic x-ray diffraction has the
property to rotate the polarization of the incident
photons by p/2. Therefore, when the incident
photon polarization is perpendicular to the dif-
fraction plane (an arrangement known as s) all
diffracted photons are polarized within the dif-
fraction plane (p). The absence of diffracted pho-
tons (and the associated Bragg peak) perpendicular

1Swiss Light Source, Paul Scherrer Institut, CH 5232 Villigen
PSI, Switzerland. 2Department of Physics, University of Oxford,
Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK. 3ISIS
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heavy-fermion superconductivity38. In strongly spin-orbit coupled
systems such as 4f - or 5f-based compounds, a novel spin-orbit den-
sity wave was proposed as an emergent quantum phase with a break-
ing of translational while preserving time-reversal symmetry, which
theoretically sheds light on the intriguing ‘‘hidden-order’’ of
URu2Si2

39. For lanthanide-based compounds, the rare-earth (RE,
except cerium) 4f moments are generally localized because unpaired
4f electrons are well shielded by the 5s2p6 shells. The 4fn5dm6s2 (n 5
2–7 and 9–14; m 5 0, 1) valence electrons in lanthanide-based con-
ductors act usually as a mediator for the interactions between 4f
moments in Ruderman-Kittel-Kasuya-Yosida (RKKY) exchanges
(i.e., the long-range ordered 4f moments interact indirectly with each
other via conduction bands since the direct coupling between loca-
lized 4f moments is generally weak)40, or are ferromagnetically polar-
ized into magnetic polarons (i.e., local short-range FM regimes) by
the localized 4f moments41–43. It is thus difficult for the conduction
electrons to form a long-ranged AFM ordering. However, taking into
account the coupling between nesting electrons and hole parts of
Fermi surface, the 4f-based conductors could provide the possibility
for combining localized 4f moments and SDWs of itinerant
electrons.

The SDW state, a low-energy self-organized collective modulation
of electron spins, often appears in electronic conducting materials
such as organic linear-chain compounds, low-dimensional metals or
superconductors13,23–25,27. Since their first observation in chro-
mium23, SDWs display progressively appealing low-temperature
properties, e.g., a proximity with charge-density waves (CDWs)

and unconventional superconductivity13,22–25,27,44. Above a threshold
field, SDWs can be described as a set of delocalized AFM spins25.

Intermetallic REPd2Si2 silicides all crystallize with the same
ThCr2Si2-type (Fig. 1) tetragonal I4/mmm structure (a 5 b 5
4.0987(1) Å, and c 5 9.8762(1) Å at ambient conditions, as listed
in Table 1) as that of the family of 122-iron-pnictides45–47 and exhibit
a wide range of interesting physical properties, e.g., pressure-induced
superconductivity in CePd2Si2 and anomalous valence fluctuations
in EuPd2Si2

48. Early theoretical proposals49 for the 4f conductors with
extended RKKY-interactions predicted that localized 4f moments
can promote a SDW state in the itinerant conduction electrons. So
far, to our knowledge, no clear example of such a material with
distinguishable propagation vectors has been identified. Here we
report on the first single-crystal neutron scattering study of
ErPd2Si2

50–55. We discover two distinct incommensurate spin states
and attribute one to the localized 4f electrons while attributing the
other mainly to itinerant valence bands. We also build a detailed
knowledge of the virtual coupling between both states, which is actu-
ally intractable in 3d-metallic systems. Our findings correspond to
theoretical predictions49 and thus establish a new model material.

Results
Neutron diffraction with polarization analysis. Figure 2 shows data
from neutron diffraction with polarization analysis after the sample
was cooled to 3 K in zero field. The non-spin-flip (NSF) channel
shows only the nuclear Bragg reflections structurally permitted by
the tetragonal space group. The spin-flip (SF) scattering shows
magnetic Bragg peaks with two incommensurable propagation
vectors. One set of peaks, that will be called I1 and I2 (Fig. 3),
appear at Q6 5 (H 6 0.557(1), 0, L 6 0.150(1)) and the second
set, which will be called IC (Fig. 3), appear at QC 5 (H 6 0.564(1), 0,
L), where (H, L) are the Miller indices for allowed nuclear reflections.
Nuclear coherent scattering of polarized neutrons will not flip the
neutron spin. Magnetic scattering via polarized neutrons can flip
the neutron spin and is determined by the relative direction of the
neutron polarization vector P̂ with regard to both the scattering
vector Q̂ and the direction of the ordered-moments m̂56,57. In our
study, P̂ is normal to the scattering plane (H, 0, L), i.e., parallel to
the b (or a) axis. In this case, the moment-dependent cross-sections
can be written as:
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dV
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! "

nsi
z

ds

dV

! "\

mag
, and !1"

ds

dV

! "

NSF
~

1
3

ds

dV

! "

nsi
z

ds

dV

! "

nuc
z

ds

dV

! "E

mag
, !2"

where the subscripts NSF and SF refer to the non-spin flip and spin
flip cross-sections, respectively, nsi means the nuclear spin incoher-
ent contribution, and nuc refers to nuclear coherent and isotopic

Figure 1 | Powder X-ray diffraction data and crystal structure of single-
crystal ErPd2Si2 at 300 K. (a) Observed (circles) and calculated (solid
lines) in-house X-ray powder-diffraction (XRPD) patterns of a pulverized
ErPd2Si2 single crystal at ambient conditions obtained on an in-house
diffractometer employing the copper Ka1 5 1.5406(9) Å radiation. The
vertical bars mark the positions of nuclear Bragg reflections, and the lower
curves represent the difference between observed and calculated patterns.
Within the experimental accuracy, no detectable impurity phase is present.
The results of the refinement are listed in Table 1. (b) The corresponding
room-temperature crystal structure as refined.

Table 1 | Summary of the refined room-temperature structural parameters of single-crystal ErPd2Si2 from X-ray powder diffraction

Pulverized single-crystal ErPd2Si2

Structure Tetragonal (ThCr2Si2-type), I4/mmm

a, b(5a), c (Å) 4.0987(1) 4.0987(1) 9.8762(1)
a, b, c (u) 90 90 90
Atom Site x y z B (Å2)
Er 2a 0 0 0 3.06(3)
Pd 4d 0 0.5 0.25 3.53(3)
Si 4e 0 0 0.3798(2) 3.62(6)
Rp (%): 3.09; Rwp (%): 4.41; RB (%): 2.70; RF (%): 2.19; x2: 3.20.
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II. DATA COLLECTION

La1.875Ba0.125CuO4 single crystal samples were grown
at Brookhaven National Laboratory using the floating
zone method. The samples were cut with a razor blade
and a piece approximately 200 µm in all directions was se-
lected for the measurement. X-ray di↵raction data were
collected at the 6-ID-D beamline at the Advanced Pho-
ton Source at the Argonne National Laboratory. The
beam size was 500 ⇥ 500 µm2 and the x-ray energy was
set to 87 keV to collect a large volume of reciprocal space
and to minimize signal distortions due to absorption. For
La1.875Ba0.125CuO4 the attenuation length for 87 keV x-
rays is ⇠ 600 µm. The samples were chosen to be smaller
than the beam size and isotropic in shape in order to mit-
igate variation in intensity due to absorption e↵ects or
the amount of sample in the beam. We selected a sample
with a mosaic spread of less than the 0.1� experimental
resolution for the data collection.
The sample was cooled using a helium cryocooler, and

data were collected by continuously rotating the sample
while reading out the Pilatus 2M CdTe detector every
0.1�. The images were processed by mapping each pixel
into reciprocal space and then binning the pixels into
a 3-dimensional grid of voxels. Bright Bragg peaks were
masked on the raw images prior to binning to improve the
visibility of weak features such as the CDW peaks. Two
further di↵erent rotations were made at di↵erent sample
tilt angles, in order to provide comprehensive mapping
of reciprocal space and to fill in unpopulated voxels. The
data shown correspond to a total measurement time of 4
hours.
Figure 1(a) illustrates the large extent of reciprocal

space measured, and shows approximately one-sixth of
the full dataset. The data were collected at 28 K,
well below the simultaneous LTT structural phase tran-
sition and CDW ordering at 54 K. Throughout this
work we will refer to reciprocal space positions using re-
ciprocal lattice units (RLU), in terms of the unit cell
of the high-temperature tetragonal (HTT) phase with
a = b = 3.78 Å and c = 13.28 Å. We use this nota-
tion to maintain consistency with literature, even though
La1.875Ba0.125CuO4 goes through two structural tran-
sitions with decreasing temperature, entering the low-
temperature orthorhombic (LTO) phase at 240 K and the
low-temperature tetragonal (LTT) phase at 54 K. The
unit cell of the LTO and LTT phases is larger and ro-
tated by ⇠ 45�, leading to superlattice peaks at ( 12 ,

1
2 , L)

positions. These superlattice peaks are visible in the hor-
izontal cuts of the reciprocal space shown in Fig. 1(a).
The data also show faint but clearly visible CDW

signal at wavevectors of ~q = ±(0.24, 0, 0.5) and ~q =
±(0, 0.24, 0.5) surrounding the structural Bragg peaks,
as shown in Fig. 1(b). The CDW peaks are extended
and rod-like in the L direction, and are centered at
half-integer L positions. These are well-known features
of the CDW in La1.875Ba0.125CuO4 — all detectable
CDW peaks are of the type ~q = (±0.24, 0,±0.5) or

FIG. 1. La1.875Ba0.125CuO4 CDW measurements over a large
reciprocal space range at 28 K. (a) Extended reciprocal space
data ranging from L = 10 to L = 20, showing di↵use scat-
tering from the high-temperature tetragonal (HTT) structure
(at integer positions) and low-temperature tetragonal (LTT)
peaks at ( 12 ,

1
2 , L) positions. (b) (H0L) reciprocal space

map showing Bragg peaks and CDW signal appearing as dif-
fuse rods located at ±0.24 to either side of the Bragg peaks.
(c) The region indicated by the white rectangle in panel (b)
summed over the K and L directions. The background was
fit with a quadratic function over a small region surrounding
the known peak position. Four voxels covering 0.08 recipro-
cal lattice units (RLU) were summed over to encompass the
CDW peak width, as illustrated by the vertical red dashed
lines. The points within this region were summed to give the
CDW peak intensity. Error bars shown are the square root
of the total photon counts. The faint streaks that form along
random reciprocal space directions are detector artifacts as
described in the text.
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vectors in reciprocal space coordinates (h, k, c), where
Q! (ha*" kb*" cc*). Here a, b, c are the Cartesian vectors
defining the YBCO crystal cell dimensions, and a*, b*, c* are
the corresponding vectors in reciprocal space; q is used to denote
the full wave vector of a CDW mode and d its basal plane part.
By collecting a comprehensive data set, we deduce with
great certainty the displacement patterns of the ions in the unit
cell and hence the structure of the CDW in YBCO.

Our experiment was carried out on an underdoped crystal with
the ortho-II structure (meaning that the oxygen sites on alternate
CuO chains are unoccupied). The crystal was the same as that
used in ref. 7. Ortho-II was selected as it has been well-studied by
multiple techniques and the satellites associated with the oxygen
ordering have minimal overlap with the CDW satellites. Here
daB0.323, dbB0.328 for this underdoped YBCO crystal.

Measurements were made at the superconducting Tc of our
sample (60 K), where the CDW intensity is a maximum in zero
field4. CDW signals in high-Tc cuprates are observed with basal
plane wave vectors along both a and b crystal directions. These
modulations may be present in the crystal in separate domains
having qa or qb modulation (a 1-q model); alternatively, both
modulations could be present and superposed in the same region
(a 2-q model). Intensity measurements at separate qa and qb do
not interfere, so all qualitative features of the two CDW
components that we may deduce from our results are
independent of the 1- or 2-q state of the sample, which only
affects numerical estimates of the absolute magnitudes of the
displacements (by a factor of O2).

Figure 1a–c shows some typical scans through CDW
diffraction satellites. They peak at half-integral values of c
(Fig. 1e), and are extremely weak (B10# 7 of a typical crystal
Bragg reflection). Therefore, the satellites are measured above a
relatively large background, but due to their known position and
shape, their intensities can be found and spurious signals ignored
(see Methods). A compilation of some of the measured CDW
intensities is displayed in Fig. 2; the area of the red semicircles is
proportional to the measured peak intensity.

X-rays are sensitive to ionic displacements. Non-resonant
X-rays are primarily sensitive to the ionic displacements
associated with a CDW, rather than changes in charge densities,
although if one of these is present, so must the other26.
(See Supplementary Note 1 for a simple model.) The CDW
order gives rise to very weak diffraction satellites at positions in
reciprocal space Q! s±q around lattice Bragg peaks s which are
at integer h, k and c. The diffracted amplitude at wave vector Q
due to an ion carrying a total of N electrons displaced by small
distance u is BN Q.u. Hence, the variation of the intensities with
Q reflects the directions and magnitudes of the different ion
displacements throughout the unit cell, and by observing
intensities of CDW diffraction signals over a wide range of
directions and values of Q we can determine the CDW structure.
(See also an illustration of this point in Supplementary Fig. 1.)
The full theory relating the CDW satellite intensities to the CDW
structure is given in Supplementary Note 2.

We may write the displacements uj, of the individual ions from
their regular positions r0

j as a sum of two terms, one of which is
polarized along c $uc

j % and the other (ua
j or ub

j ) parallel to d, with
mirror symmetry about the relevant layer of the crystal.

rj! r0
j "uc

j cos$d:r0
j "j%"ua;b

j sin$d:r0
j "j%; $1%

Symmetry27 requires that the uc
j and ua;b

j displacements are p/2
out of phase, as expressed in equation (1).

Ionic displacements obtained from the intensities. Group
theory indicates which of the incommensurately modulated dis-
placement patterns or irreducible representations (IRs) are con-
sistent with the observed ordering wave vectors. There are four
IRs for each ordering wave vector, labelled A1, A2, A3 and A4 for
qa and similarly B1–B4 for qb (ref. 27). The even-numbered
patterns have purely basal plane transverse displacements, and
are therefore incompatible with our observations of satellites close
to both the c* axis and the basal plane4. The other IRs have
longitudinal displacements in the basal plane parallel to d,
combined with shear displacements parallel to the c axis. Only the
A1 pattern for qa (and B1 for qb) are consistent with our data.
These IRs have equal c-axis shear displacements in the two halves
of the CuO2 bilayer region, combined with basal plane
compressive displacements (and hence charge density
modulations), which are equal and opposite in the two halves
of a bilayer. Thus, these CDWs break the mirror symmetry of the
bilayers. For these patterns, the CuO chain layer is a mirror plane
of the CDW. For the patterns A3 and B3, the yttrium layer is
instead a mirror plane of the CDW, so that the basal plane
compressive displacements would be equal on the two sides of the
bilayer. (See also Supplementary Note 3 and Supplementary
Figs 2 and 3 for a visualization of these symmetries.)
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Figure 2 | Sample data compared with the fits to the two possible
models. (a,b) Maps of the satellite intensities associated with CDW
modulations qa and qb measured in the (h, 0, c) and (0, k, c) planes of
reciprocal space, respectively. The measured intensities are proportional to
the areas of the red semicircles on the right of each Q point. Two different
models are allowed by group theory: one involves the modes A1 (for qa) and
B1 (for qb), and the other the A3 and B3 modes. The blue semicircles show
the results of a good fit to the A1/B1 modes (to all measured data, not just
that shown in the Figure). (c,d) The same data (red semicircles) and the
analogous fits (blue semicircles) to the A3/B3 modes; these give a very poor
fit to the data. Blank spaces indicate inaccessible regions or where a
spurious signal prevented measurements of the CDW order.
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A charge density wave (CDW) is a periodic modulation of
the electron density, associated with a periodic lattice
distortion that may or may not be commensurate with the

crystal lattice. The charge density modulation may be brought
about by electron–phonon or electron–electron interactions1. It is
now clear that the CDW state is a ubiquitous phenomenon in
cuprate high-critical-temperature (high Tc) superconductors,
appearing in the underdoped region in both hole-2–15 and
electron-doped16 materials at a temperature higher than Tc,
suggesting that the CDW is a characteristic instability of the
CuO2 plane. The CDW competes with superconductivity2–4,17,
and pressure-dependent data18 suggest that if the CDW can be
suppressed in YBa2Cu3Oy (YBCO), then an enhanced Tc occurs
in the nominally underdoped region rather than at optimum
doping. Experiments on YBCO using resonant soft X-ray
scattering suggest that the CDW is associated with significant
d-wave components for charges on the oxygen bonds around
the Cu site19,20, as proposed by Sachdev21. This conclusion
is supported by scanning tunnelling microscopy (STM)
observations of the surface of Bi2Sr2CaCu2O8! x and
Ca2" xNaxCuO2Cl2 (ref. 22). However, to understand the
generic high-Tc CDW phenomenon, discovering the actual
structure of the CDW is vital.

CDWs break the translation symmetry of the parent lattice,
and have been observed by X-ray diffraction, and many other
probes such as STM22 and nuclear magnetic resonance17,23.
Signatures of the Fermi surface reconstruction believed to be
associated with this include quantum oscillation measurements24,
which show unexpectedly small Fermi surface pockets in
an underdoped sample, and transport measurements, which
indicate a change from hole carriers in the overdoped region to

electron-like transport in the underdoped region25. To relate
these observations to the CDW, its actual structure needs to be
known. The studies of CDWs by X-ray diffraction in numerous
cuprates have generally concentrated on determining the wave
vector of the CDW and the temperature and magnetic field
dependence of the order parameter and correlation lengths, and
therefore have considered only a handful of diffraction satellites
arising from the CDW. The only way to determine the structure
unambiguously is by measuring the intensities of as many CDW
satellites as possible.

Here we determine the structure of the CDWs in a bilayer
cuprate. The material we have investigated is the well-studied
material YBCO at a doping level where there is strong
competition between superconductivity and the CDW, and the
oxygen ordering in the crystal is most perfect. We find that the
ionic displacements associated with the CDWs are maximum
near the CuO2 bilayers and break their mirror symmetry. They
involve displacements of planar oxygens perpendicular to the
layers; these displacements have a strong component with d-
symmetry. These results allow a physical understanding of the
changes in electronic structure, transport properties and quantum
oscillation results in the normal state of this cuprate material that
are associated with the CDWs.

Results
X-ray diffraction measurements. We have used non-resonant
X-ray diffraction to measure the intensities of all experimentally
accessible CDW satellites near the (h, 0, c), (0, k, c) and (h, h, c)
planes for both of the CDW modulation vectors, qa# (da, 0, 0.5)
and qb# (0, db, 0.5). Throughout this paper, we express wave
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Figure 1 | Typical observations of CDW satellites at 60 K and their temperature dependence. (a–c) are obtained for the CDW with modulation vector qb.
They are scans parallel to the basal plane component of the modulation, through the points (h, k, c)# (0, 1" d, 16.5), (0, 1" d, 15.5) and (0, 3! d, 4.5). The
counts are normalized so that they are approximately per second, measured over 10 s per point, plotted versus wave vector along the b* direction,
labelled k. (a) shows a strong satellite, along with the fit line which gives the intensity as the area under the peak. The CDW is clearly centred at an

incommensurate position (dbB0.328), although the value 1
3 lies within the peak. (b) shows a weaker peak and (c) is taken at a position where the CDW

signal is unobservably small, and the fitted area of the peak is controlled by Poisson errors. (d) The intensities of CDW satellites for both qa (daB0.323)
and qb (dbB0.328) modes, normalized to their intensities at Tc, are plotted versus temperature; these track each other within errors. (e) The integrated
intensity of the satellite (a) is plotted versus c. The width in c, which reflects the finite c-axis coherence of the CDW, is much larger than the instrument
resolution. Since it is a property of the CDW, it is the same for all satellites. All error bars in the above plots represent Poisson counting s.d.’s.
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good agreement between the two confirms that the RSXS
signal at the Mn L3 edge is measuring the square of the
magnetic order parameter—just as neutron scattering does.

As can be seen in Fig. 3(b), the temperature dependence
observed at the O K edge is quite different and does not
follow the magnetic order parameter. Instead, it drops
dramatically at the C-LTIC transition and does not recover
at low temperatures, reaching only about 20% of its
maximum value in the commensurate phase. This is the
central result of this study: the RSXS signal at the O K
edge closely follows the absolute value of the macroscopic
ferroelectric polarization jP j, which is plotted in Fig. 3(b)
[13]. Within the error of our experiment, the two quantities
have identical temperature dependences, even through the
transition from the C phase into the LTIC phase. This
establishes a direct relation between the electronic modu-
lation of the O 2p states and the ferroelectricity of
YMn2O5.

Motivated by these results, we have performed
LSDA! U calculations in order to clarify this relation-
ship. The ab initio calculations were performed employing
the full potential WIEN2K code [23], using 250 k points
in the irreducible Brillouin zone. We set U " 5 eV and
J " 0:88 eV (cf. Ref. [7]) and performed calculations
without spin-orbit interactions. The calculations were
based on the atomic positions, which we determined by

means of standard single crystal x-ray diffraction for our
samples in the C phase. The resulting structural refine-
ments are in very good agreement with previous studies
[9,10] and gave Pbam as the space group ofYMn2O5. As in
previous studies, no additional structural distortion or sym-
metry reduction could be resolved in the C phase [24].
Therefore we chose the maximal nonisomorphic subgroup
of Pbam that allows for the experimentally observed P
along the b direction, namely Pb21m [25].
Since the magnetic unit cell of the real material is large

and we are only interested in qualitative effects at this
point, we studied a simplified spin structure, which ap-
proximates the observed C phase and can still be described
using the Pb21m unit cell. In this symmetry, all the
Mn1 sites are equivalent and were set to have parallel
spins. In addition, there are two inequivalent Mn2 sites,
Mn2a and Mn2b, in Pb21m. We set the spin of Mn2a to be
parallel and that of Mn2b to be antiparallel to theMn1 spin.
We focus on the Mn2a-Mn1-Mn2b bond, involving only

oxygens in the basal plane of the Mn2-pyramids. As illus-
trated in Fig. 1, the corresponding spins in the C phase of
the real material have "## projections onto the a direction.
This is also the situation described by our model calcula-
tion. The LSDA! U charge density and net spin density
within the plane of the Mn2a-Mn1-Mn2b bond are
illustrated in Figs. 4(a) and 4(b). The densities in these
figures correspond to the valence electrons within 1.5 eVof
the Fermi energy. As can clearly be observed in these
figures, the "## spin configuration corresponds to a spatial
distribution of the valence charge density, which breaks
the center of inversion [circle in Fig. 4(a)]. In particular, the
hybridization within a Mn2-O-Mn1 bond depends on the
relative Mn-spin orientation. This spin-dependent hybrid-
ization has a large effect on the oxygen states and yields a
ferroelectric moment along b, as observed experimentally.
The RSXS signal at the O K edge, which measures the
magnetic polarization of oxygen, is directly related to this
spin-dependent Mn2-O-Mn1 hybridization and, hence,
reflects P el.
The above calculations do not take into account spin-

orbit interactions or structural distortions. Thus the FE
polarization in this model results purely from the spin-
dependent Mn2-O-Mn1 hybridization and is due entirely
to a redistribution of valence charge. The atomic positions
are not relaxed and therefore, by definition, there is no
P ion. The important result therefore is that, within
LSDA! U, a purely electronic contribution to the FE
polarization exists, which involves a spatial modulation
of the O 2p valence states (Fig. 4).
We also checked the influence of structural distortions

within LSDA! U and found that they also affect the Mn-
O covalency. However, in our calculations this effect is
smaller than that due to the spin-induced valence charge
redistribution, because the changes in atomic positions are
very small. They are estimated to be of the order of 0.01 Å

FIG. 3 (color online). Temperature dependence of the soft
x-ray integrated intensity as measured at the Mn L3- (a) and O
K edges (b). Good agreement is seen with the reported (solid
lines) integrated intensity observed by neutron diffraction data
(a) [12] and magnitude of the electric polarization jP j (b)
[13], respectively. The phases are low-temperature incommen-
surate (LTIC) weak ferroelectric (wFE), commensurate
(C) ferroelectric (FE) and high temperature incommensurate
(HTIC) paraelectric (PE).

PRL 107, 057201 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
29 JULY 2011

057201-3

good agreement between the two confirms that the RSXS
signal at the Mn L3 edge is measuring the square of the
magnetic order parameter—just as neutron scattering does.

As can be seen in Fig. 3(b), the temperature dependence
observed at the O K edge is quite different and does not
follow the magnetic order parameter. Instead, it drops
dramatically at the C-LTIC transition and does not recover
at low temperatures, reaching only about 20% of its
maximum value in the commensurate phase. This is the
central result of this study: the RSXS signal at the O K
edge closely follows the absolute value of the macroscopic
ferroelectric polarization jP j, which is plotted in Fig. 3(b)
[13]. Within the error of our experiment, the two quantities
have identical temperature dependences, even through the
transition from the C phase into the LTIC phase. This
establishes a direct relation between the electronic modu-
lation of the O 2p states and the ferroelectricity of
YMn2O5.
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J " 0:88 eV (cf. Ref. [7]) and performed calculations
without spin-orbit interactions. The calculations were
based on the atomic positions, which we determined by

means of standard single crystal x-ray diffraction for our
samples in the C phase. The resulting structural refine-
ments are in very good agreement with previous studies
[9,10] and gave Pbam as the space group ofYMn2O5. As in
previous studies, no additional structural distortion or sym-
metry reduction could be resolved in the C phase [24].
Therefore we chose the maximal nonisomorphic subgroup
of Pbam that allows for the experimentally observed P
along the b direction, namely Pb21m [25].
Since the magnetic unit cell of the real material is large

and we are only interested in qualitative effects at this
point, we studied a simplified spin structure, which ap-
proximates the observed C phase and can still be described
using the Pb21m unit cell. In this symmetry, all the
Mn1 sites are equivalent and were set to have parallel
spins. In addition, there are two inequivalent Mn2 sites,
Mn2a and Mn2b, in Pb21m. We set the spin of Mn2a to be
parallel and that of Mn2b to be antiparallel to theMn1 spin.
We focus on the Mn2a-Mn1-Mn2b bond, involving only
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trated in Fig. 1, the corresponding spins in the C phase of
the real material have "## projections onto the a direction.
This is also the situation described by our model calcula-
tion. The LSDA! U charge density and net spin density
within the plane of the Mn2a-Mn1-Mn2b bond are
illustrated in Figs. 4(a) and 4(b). The densities in these
figures correspond to the valence electrons within 1.5 eVof
the Fermi energy. As can clearly be observed in these
figures, the "## spin configuration corresponds to a spatial
distribution of the valence charge density, which breaks
the center of inversion [circle in Fig. 4(a)]. In particular, the
hybridization within a Mn2-O-Mn1 bond depends on the
relative Mn-spin orientation. This spin-dependent hybrid-
ization has a large effect on the oxygen states and yields a
ferroelectric moment along b, as observed experimentally.
The RSXS signal at the O K edge, which measures the
magnetic polarization of oxygen, is directly related to this
spin-dependent Mn2-O-Mn1 hybridization and, hence,
reflects P el.
The above calculations do not take into account spin-

orbit interactions or structural distortions. Thus the FE
polarization in this model results purely from the spin-
dependent Mn2-O-Mn1 hybridization and is due entirely
to a redistribution of valence charge. The atomic positions
are not relaxed and therefore, by definition, there is no
P ion. The important result therefore is that, within
LSDA! U, a purely electronic contribution to the FE
polarization exists, which involves a spatial modulation
of the O 2p valence states (Fig. 4).
We also checked the influence of structural distortions

within LSDA! U and found that they also affect the Mn-
O covalency. However, in our calculations this effect is
smaller than that due to the spin-induced valence charge
redistribution, because the changes in atomic positions are
very small. They are estimated to be of the order of 0.01 Å

FIG. 3 (color online). Temperature dependence of the soft
x-ray integrated intensity as measured at the Mn L3- (a) and O
K edges (b). Good agreement is seen with the reported (solid
lines) integrated intensity observed by neutron diffraction data
(a) [12] and magnitude of the electric polarization jP j (b)
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Resonant x-ray diffraction



Resonant x-ray diffraction
to the scattering plane (the so-called s-s! channel)
is a direct proof of the magnetic origin of the
diffracted signal.

A distinct Bragg peak is present in the s-s!

diffraction channel, incompatible with the known
magnetic structure (Fig. 1B). Indeed, such a peak
is one of the fingerprints of the presence of or-
bital currents in the antiferromagnetic phase of
CuO. More evidence of an extra contribution in
the diffracted intensity comes from its depen-

dence on the helicity of the x-rays around the L3
edge as a function of the incident x-ray energy
for two different azimuthal angles (Fig. 1, C and
D). The azimuthal angle y represents a rotation
of the sample about the diffraction wave vector.
Intensity observed for incident circularly left
(CL) photons is not the same as the one gathered
with incident circularly right (CR) polarized
incident photons. For this azimuthal angle (y =
17°), the first local maximum EA is more in-

tense for CR light. However, at the second local
maximum EB it is the CL light that shows the
stronger intensity. Conversely, in Fig. 1D, which
corresponds to y = –43°, the circular left-to-right
intensity ratio is reversed. This dependence can-
not be described by the collinear antiferromag-
netic order determined by neutron experiments
alone, because in this case the intensity does not
depend on the helicity of the x-rays.

The CR and CL intensities modulate as a
function of the azimuthal angle (Fig. 2). The in-
tensities show a twofold periodicity and a clear
shift of about 45° in the azimuth between the two
polarizations collected. Their difference is also a
twofold periodic function. Its deviation from a
null value is the evidence of an additional contribu-
tion that adds in amplitude, causing interference
with the resonant magnetic signal. We show that
the additional component comes via a magnetic
dipole transition M1 resulting from the presence,
on the microscopic level, of orbital currents.

Diffracted intensities are particularly sensitive
to the linear interfering term E1-M1 appearing
in the modulus of the scattering amplitude. This
term is analogous to the interference term arising
from conventional Thomson charge diffraction
and weak nonresonant (ferro-) magnetic diffraction
(17), which is expected to be six orders of mag-
nitude smaller. In the case of charge-magnetic
interference, the reversal of the magnetic field
direction clearly singles out the small magnetic
contribution. In our case, we reverse the helicity
of the incoming x-rays.

Evaluation of the size of the scattering am-
plitude requires the knowledge of the structure
factors using matrix elements appearing in Eq. 2.
The latter are usefully written as irreducible
spherical tensors with rank K and projection Q
(!K " Q " K ). The calculation is considerably
simplified by the symmetry constrains posed by
the crystallographic (12) and magnetic structure
(13). Only one of the nine irreducible tensors
associated with the electric dipole event can be
different from zero. It is !T 1

y " ! !T1
b " related to

the measured magnetic moment along the b axis.
For the magnetic dipole term, there are four non-
zero tensors whose linear combinationsAK

Q enter
the scattering amplitude (18). The calculations
lead to an appealing expression for the intensity
difference between the two circular channels:

D ! CL ! CR º !T1
y "A

1
0sin(2y) "3#

where A1
0 is the term associated with the pres-

ence of the orbital currents.
The introduction of the magnetic dipole am-

plitude M1 naturally explains the presence of an
asymmetry term depending on the helicity of the
x-ray. In the absence of an E1-M1 event, the
orbital current term, A1

0, is zero, and we recover
the expected result # = 0 for a collinear anti-
ferromagnetic structure. The observed y depen-
dence is possibly not unique to orbital currents.
However, complementary experiments exclude
other contributions (18). The intensities gathered

Fig. 2. Azimuthal angle
dependence of the (1/2,
0, –1/2) reflection for
incident CR (blue open
squares) and CL (red solid
circles) x-rays at 100 K
at the energy EA. The dif-
ference ! = CL – CR is
represented by open tri-
angles. Continuous lines
represent the fit obtained
with the model presented
in the text. The dashed
line represents the inten-
sity expected for ! from
the ordered Cu spin mo-
ments only. Error bars in-
dicate standard deviation.
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Fig. 1. (A) The solid line represents the x-ray absorption spectrum across the L3,2 edges. The open (red)
dots represent the intensity of the (1/2, 0, –1/2) superlattice reflection for in-plane polarized (p) incident
photons. (B) Rocking curves of the diffracted intensity recorded with polarization analysis at the L3 edge
corresponding to the energy EA. (C and D) Resonant enhancement in the vicinity of the L3 edge as a
function of the helicity of the incident x-rays for two chosen azimuthal angles. Intensities gathered with
incident left CL (right CR) circularly polarized x-rays are in solid symbols; those gathered with CR circularly
polarized x-rays are shown with open symbols. Lines are guides to the eye. Data were collected at 100 K.
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with incident horizontal (Ip), vertical (Is), CR,
and CL polarizations were also compared with
the corresponding calculated expressions. Figure
2 shows how the E1-M1 contribution leads to
a straightforward description of the observed
intensities. In particular, the characteristic azi-
muthal modulation as a function of the x-ray
helicity is naturally reproduced. Our model makes
it possible to extract quantitative information
about the circulating direction of the orbital cur-
rents. For illustrative purpose, it is easier to vi-
sualize the direction of the toroidal moments
associated with such currents. A toroidal moment
!!" associated with an orbital moment L or a
spin S is proportional to !R ! L" or !R ! S",
respectively. Figure 3A illustrates (in the sim-
plest case) the relation between the orbital currents
and the toroidal moment associated with a sin-
gle copper-oxygen plaquette. Figure 3B shows
the ordering pattern of the toroidal moments in
the extended magnetic unit cell as determined
from our model. They lie in the a-c plane and
share the same antiferromagnetic pattern of the
magnetic moments. Our observations repre-
sent the direct evidence of antiferro ordering of
toroidal moments in a material. Such ordering
schemes can play an important role for multi-
ferroics materials where the order parameter for
the magnetoelectric coupling can be identified
with the toroidal moment causing the electric
polarization. Because of the subtleness of quan-
tum mechanics, orbital currents can be general-
ized to a broader phenomenology. The presence
of orbital currents is independent of the presence
of an ordered atomic magnetic moment !S" as
!!" = !R ! S" ! !R" ! !S". Therefore, by ap-
plying a suitable magnetic (or electric) field an
electric polarization (or magnetization) could be
induced by the magnetoelectric coupling even
in the absence of long-range magnetic order (or
electric polarization). Besides multiferroics, an-
other notable realization would be the pseudo-
gap phase of high-Tc cuprates, where magnetic

current loops flowing in the Cu-O planes without
localized atomic ordered moments are proposed
to be a property of the ground-state. In this re-
spect, the observation of orbital currents in CuO,
the basic building block of cuprate superconduc-
tors, provides strong encouragement for mod-
els based on orbital current ordering and related
phenomena in high-Tc cuprates.
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Imaging Doped Holes in a Cuprate
Superconductor with High-Resolution
Compton Scattering
Y. Sakurai,1* M. Itou,1 B. Barbiellini,2 P. E. Mijnarends,2,3 R. S. Markiewicz,2 S. Kaprzyk,2,4

J.-M. Gillet,5 S. Wakimoto,6 M. Fujita,7 S. Basak,2 Yung Jui Wang,2 W. Al-Sawai,2

H. Lin,2 A. Bansil,2 K. Yamada7,8

The high-temperature superconducting cuprate La2!xSrxCuO4 (LSCO) shows several phases
ranging from antiferromagnetic insulator to metal with increasing hole doping. To understand
how the nature of the hole state evolves with doping, we have carried out high-resolution
Compton scattering measurements at room temperature together with first-principles electronic
structure computations on a series of LSCO single crystals in which the hole doping level
varies from the underdoped (UD) to the overdoped (OD) regime. Holes in the UD system are
found to primarily populate the O 2px /py orbitals. In contrast, the character of holes in the
OD system is very different in that these holes mostly enter Cu d orbitals. High-resolution
Compton scattering provides a bulk-sensitive method for imaging the orbital character
of dopants in complex materials.

The evolution of the electronic structure as
well as the orbital character of the doped
carriers is a key ingredient for understand-

ing the physics of the cuprates and themechanism
of high-temperature superconductivity. Photo-
emission has succeeded in obtaining detailed in-

Fig. 3. (A)Representation
of the relationship between
the orbital currents (black
curved arrows) flowing be-
tween the copper (blue
circle) and oxygen (red cir-
cles) atoms and the toroi-
dal moment (red arrow).
(B) Antiferromagnetic-type
ordering of the toroidal
moments associated with
the orbital currents. The
orientation of the toroi-
dal moments follows the
value of the irreducible
tensors obtained from ex-
perimental data. The sol-
id green circles represent
the Cu magnetic moment
parallel to the crystallographic b axis. The shaded green circles represent the Cu magnetic moment
antiparallel to the crystallographic b axis. The latter is perpendicular to the a,c plane.
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