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a  b  s  t  r  a  c  t

We  have  determined  the  magnetic  ground  state  of the half-metal  CrO2 based  on  1s2p  Resonant  Inelastic
X-ray  Scattering  Magnetic  Circular  Dichroism  (RIXS-MCD)  experiments.  The  two-dimensional  RIXS-MCD
map  displays  the  1s  X-ray  absorption  spectrum  combined  with  the  1s2p  X-ray  emission  decay,  where
there  is  a large  MCD  contrast  in  the  final  state  involving  the  2p  core  hole.

Our measurements  show  that the  Cr  K  pre-edge  structure  is dominated  by  dipolar  contributions  and
the  quadrupole  peak  is  invisible  in direct  K  pre-edge  absorption.  Using  RIXS-MCD,  we  reveal  that  the
quadrupole  1s3d  pre-edge  has  a large  MCD  contrast,  which  appears  at lower  energy  with  respect  to the
K pre-edge  maximum.

We  use  crystal  field  multiplet  calculations  to  model  the  excitonic  RIXS-MCD  spectral  shape  in tetragonal
4+
p3d hybridisation

rO2

istortion

(D4h)  symmetry.  The  RIXS-MCD  is strongly  sensitive  to  the  ground  state  distortion  of  the  Cr sites.
The  calculations  of the  RIXS-MCD  maps  suggest  that  the  3d spin–orbit  interaction  is fully  quenched
(�3d =  0  meV)  and  the  ground  state  electron  configuration  must  contain  a 3B2g (D4h)  contribution,  which
is  required  to  explain  the  appearance  of  the Magnetic  Circular  Dichroism  (MCD)  in  the  Cr  K  pre-edge.
This  is  in  apparent  contrast  with  the  compressed  tetragonal  distortion.

© 2017  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
. Introduction

The detection of the X-ray magnetic circular dichroism (XMCD)
as become a powerful tool for the element-specific study of the
agnetic properties of complex systems. The MCD  of 3d transition
etal ions is usually studied at the spin–orbit split L2,3 absorption

dges (2p → 3d) to allow the determination of the spin and orbital
agnetic moments using the sum rules [15,44].
The L2,3-edges of 3d transition metals are in the soft X-ray range
equiring vacuum conditions, implying that they are difficult for
iquid or high-pressure cells. This limits the number of possible
pplications and the nature of the samples. The energy of the K-

∗ Corresponding authors.
E-mail address: F.M.F.deGroot@uu.nl (F.M.F. de Groot).

ttps://doi.org/10.1016/j.elspec.2017.08.004
368-2048/© 2017 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

edge of 3d transition metals lies in the hard X-ray range, but the
direct K-edge MCD  signal is weak and the absence of spin–orbit
splitting a priori prohibits a quantitative analysis using the spin
sum rules.

Some of the above limitations can be addressed with the novel
RIXS-MCD approach, in which one combines XMCD and resonant
inelastic X-ray scattering (RIXS) at the K pre-edge of 3d transition
metals according to the following two-step-model (Fig. 1).
The excitation step (X-ray Absorption Spectrum, XAS) is per-
formed with circular polarised light, being either left (lcp, ) or
right circular polarised (rcp, ). The detection of the subsequent
X-ray emission spectrum (XES) can in principle also be polarisation

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Atomic term scheme for the 1s2p RIXS-MCD photon-in photon-out process
for  a 3d2 electron configuration. Ein and Eout denote the energies of the incoming
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Fig. 2. Scheme of the experimental setup with the sample in orange between the

errors.
The two-dimensional RIXS maps are displayed either in an emit-
nd  outgoing light, and ET the energy transferred to the system.

ependent, however, for this study no polarisation analyser was
sed in the XES channel.

RIXS measurements are established to study the electronic
tructure, while RIXS-MCD additionally offers magnetic informa-
ion with the advantage that it enhances the contrast of resonant
eatures. The first 1s2p RIXS-MCD experiments have shown that
he RIXS-MCD signal of iron in magnetite, can be of the same
rder of magnitude as L2,3-edge XMCD [27,44,51,52]. The RIXS-
CD  approach can thus be considered as a high resolution magnetic

pectroscopy, while hard X-rays yield bulk sensitivity.
Chromium dioxide (CrO2) is a half-metallic ferromagnet

TCurie ≈ 390 K) which means that one spin channel is conductive
hile the other one is insulating; in other words the electrons in

he occupied Cr(3d) bands in CrO2 show nearly 100% spin polar-
sation [35,40,53]. This makes it a promising candidate for future
pplications in the field of spintronics [40], for example as a source
or spin-polarised currents, magnetic tunnel junctions or other

agneto-electronic devices that require a large spin polarisation
60].

The ferromagnetism is usually explained in terms of a specific
ouble-exchange mechanism [30,46] related to the existence of the
ombination of a strongly localised state just below the Fermi level
nd another dispersed band at higher energy. As Schlottmann states
und’s rule couples the spin of the localised electron with that of

he itinerant electrons and the hopping becomes correlated [46]. This
mplies a strong correlation between the spins of the localised and
on-localised electrons [46]. The metallicity is due to the dispersed
ands that hybridise with the O(2p) bands and cross the Fermi

evel. This mechanism and the importance of local and non-local
orrelations is a subject of active research [29].

In spite of the large number of studies, the electronic structure
hat induces both ferromagnetism and metallicity in CrO2 remains
o be understood and the origin of the half-metallic ferromagnetism
s highly nontrivial [54].

It is expected that RIXS-MCD probes specifically the local mag-
etic contribution yielding valuable information on the complex
lectronic structure that leads to metallic ferromagnetism in CrO2.
n RIXS-MCD, transitions involving localised d states are expected
o give an enhanced intensity with respect to conventional XMCD,
hile those involving delocalised states are not [52].

RIXS measurements are established to study the electronic
tructure, while RIXS-MCD additionally offers magnetic informa-
ion with the advantage that local features appear on resonance
ith enhanced contrast. The bulk sensitivity of 1s2p RIXS-MCD

ddresses the common problem of a reduced surface (Cr4+ → Cr3+)

n surface sensitive measurements in the soft X-ray range, as in
2,3-edge XMCD [2,8,17,18,22,23,28,40] or L-edge RIXS [32].
two poles of the electromagnet. The circularly polarised incident beam in blue, mag-
netic field in red and the detected X-ray emission in green. The detector, an avalanche
photo diode (APD), is not shown for clarity.

2. Technical details

2.1. Experimental setup and measurements

The measured sample is a commercially available crystalline
CrO2 powder (MagtrieveTM) with a density of � = 4.85 g/cm3 at
25 ◦C and a grain size of 44 �m (mesh 325) [50]. The powder was
milled by hand with mortar and pestle and then pressed into a pill.

The measurements were performed at ambient conditions
(T ≈ 25 ◦C, p ≈ 1 bar) at the GALAXIES inelastic-scattering beam-
line at the SOLEIL synchrotron radiation facility [45]. The
synchrotron radiation was  monochromatised using a Si(111)
nitrogen-cooled fixed-exit double-crystal monochromator (DCM)
with �E/E ≈ 1.4 × 10−4, followed by a Pd-coated spherical colli-
mating mirror. The X-rays were then focused to a spot-size of
30 �m (vertical) by 90 �m (horizontal) full width at half maxi-
mum  (FWHM) at the sample position by a 3:1 focusing toroidal
Pd-coated mirror. A vertical Rowland circle geometry was  imple-
mented using a Ge(422) spherical-bent analyser crystal (R = 1 m)
which was used to energy-select and focus the emitted X-rays onto
a silicon avalanche photodiode detector.

The overall resolution was  found to be FWHM ≈ 0.74 eV or
E/�E ≈ 7700 by measuring the quasi-elastic line at 5.4 keV, cor-
responding to the energy of the Cr K˛ fluorescence line. A
diamond quarter-wave plate in (111)-orientation with a thickness
of d = 500 �m,  located immediately after the DCM, was  used in order
to select between left ( ) and right circular polarised ( ) light. An
electromagnet created a magnetic flux density �B of up to |�B| ≈ 0.7T
on the sample.

The setup was  aligned in longitudinal geometry [31] with �k||�B||�z
as shown in Fig. 2. The angles of the sample and the analyser with
respect to the incident beam were � = 45◦ and � = 90◦ respectively.

Each measurement was  performed with alternating polarisation
(lcp↔rcp) for each data point. All spectra were acquired as inci-
dent energy scans with the spectrometer fixed to detect a given
emission energy Eout. For the spectra in Fig. 7 the emitted pho-
tons corresponding to the Cr K˛1 emission at Eout = 5415.3 eV were
detected. For the RIXS maps the detected emission energies were
varied accordingly between Eout = 5406 eV and Eout = 5423 eV. After
completion of a spectrum the direction of the magnetic field was
reversed and the measurement repeated. This yields two inverse
spectra which are added to minimise noise and reduce systematic
ted energy view with the intensity I(Ein, Eout), or in an energy transfer
view with the intensity I(Ein, ET). The incident energy Ein is in both
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Fig. 3. Energy splittings of the multi-electronic state 3F+ for Cr4+ (3d2 configuration
in  high-spin S = 1), for each symmetry for O3 → Oh → D4h → D2h (local exchange is
6 P. Zimmermann et al. / Journal of Electron Spec

ases the horizontal x axis, and the y axis is either the emitted
hoton energy Eout or the energy transfer ET = Ein − Eout. The inci-
ent energy Ein of the experimental spectra was calibrated against

 CrO2 reference [38]. The energies of the emitted photons Eout and
nergy transfer ET were calibrated with literature values from the
-ray Data Booklet (http://xdb.lbl.gov/). The intensities of all spec-
ra are normalised with respect to the sum maximum and given in
rbitrary units (a.u.).

.2. Calculations of the densities of states

The density of states (DOS) has been calculated using
ensity-functional theory (DFT) as implemented in Quantum-
spresso [16], i.e. using a plane-wave basis set, pseudo-potentials
nd periodic boundary conditions. We  used Troullier–Martins
61] norm-conserving pseudo-potentials and the formulation of
erdew–Burke–Ernzerhof [41] (GGA) for the exchange and cor-
elation density functional. The electric dipole and quadrupole
ontributions to the absorption cross-section are calculated with
spectra [19,56].

To interpret the experimental spectra, a 1s core hole is added
n the calculation. It is described within a static approximation
y including a core-hole in the pseudo-potential of the absorbing
r atom. The Hubbard U correction, whose relevance in the case
f CrO2 is discussed in Refs. [6,30,36,58], was not included in the
alculation.

The lattice parameters and the dimensionless internal coor-
inate defining the positions of the atoms were set to their
xperimental values (a = b = 4.421 Å, c = 2.916 Å [18,35], u = 0.303
33]). The self-consistent charge density calculation was  performed
sing a centered 6 × 6 ×9 k-points grid for the conventional cell that
ontains one Cr atom and two O atoms. The non-self-consistent
alculation is performed with a 12 × 12 × 18 k-point grid and
he projected density of states are obtained by projecting wave
unctions onto orthogonalised atomic wave functions. A 2 × 2 ×3
upercell is used to minimise interactions between neighbouring
ore-holes upon application of periodic boundary conditions and
he k-point grid is reduced accordingly.

.3. Crystal-field multiplet calculations

The quadrupole contribution to the pre-edge structure cannot
e accurately reproduced with the present DFT-based calcula-
ions due to the strong 3d3d correlation effects that determine the
re-edge spectral shape and also the X-ray emission matrix ele-
ents. Instead, a crystal-field multiplet (CFM) calculation of the

s2 3d2 → 1s1 3d3 quadrupole transition with subsequent dipole
ecay 1s1 3d3 → 1s2 2p5 3d3 is applied.

The multiplet calculations are based on the absorption and emis-
ion matrices created with the CTM4XAS program [55]. It takes
nto account all the 3d-3d, 1s-3d and 2p-3d electronic Coulomb
nteractions, as well as the spin–orbit coupling � on every open
hell of the absorbing atom and treats the geometrical environment
hrough a crystal-field potential. All calculations are performed
sing the C4 point group symmetry to take into account the pres-
nce of a magnetic field (�B||�k). The RIXS process is modelled with the
ramers–Heisenberg relation [44] using additional scripts written

or this purpose.
The atomic Slater coefficients for the 3d3d Coulomb interac-

ion Fdd are scaled to 65% of the Hartree–Fock values and the 2p3d
oulomb Fpd and the exchange interactions (Gpd, Gsd) are scaled to

2%. This reduction of the Slater integrals is a result of the expan-
ion of the wave function due to charge transfer effects and the
ctual values used are an empirical result as they show the best
esults presented here. The atomic values for the spin–orbit interac-
included, but no spin–orbit or magnetic field is taken into account). The order of
the  energy levels shown above is not fixed. It can be altered in dependency on the
specific crystal-field parameters chosen.

tion are in the ground state �3d = 41 meV, in the intermediate state
�3d = 54 meV  and in the final state �2p = 5.668 eV and �3d = 53 meV.

For CrO2, there are some reported values for the crystal-field
parameter 10Dq (Ikeno: 2.28 eV [25], Lewis: 2.5 eV [33]), but we
are not aware of any reports for the tetragonal distortion param-
eters Ds and Dt. Based on the magnitude of the spatial distortion
we estimate the two  distortion parameters, Ds and Dt, to be of the
order of tens of millielectronvolt (meV). The crystal-field parame-
ters (Dq,Ds,Dt) have been varied across a significant section of the
parameter space. Only a few representative maps have been cho-
sen to illustrate the general appearance for a given ground state.
The displayed calculations refer to the crystal-field splitting param-
eter 10Dq = 2.347 eV and the distortion parameters Ds =−0.036 eV,
Dt =−0.007 eV for 3Eg and Dt =−0.2 eV for the 3B2g case. The molecu-
lar field M reflecting the interatomic exchange interactions is set to
M = 30 meV, being estimated with the Curie temperature Tc ≈ 390 K.

The following Lorentzian broadenings are applied for the inter-
mediate state (IS) LIS = 1.2 eV and the final state (FS) LFS = 0.6 eV.
Here LFS is an intermediate value between the two  natural broad-
enings for the 2p3/2 and 2p1/2 final states, corresponding to the K˛1
and K˛2 emission respectively. As discussed elsewhere [11,14] the
lifetime broadening of the 2p1/2 shell (K˛2 line, L2 edge) can be
up to five times larger with respect to the 2p3/2 shell (K˛1 line, L3
edge). The experimental (Gaussian) broadening GIS = 0.7 eV is set
to the experimentally acquired FWHM of the quasi-elastic scatter-
ing peak. For the emission, a resolution of GFS = 0.4 eV is used. All
broadenings are given as full width at half maximum.

Finally, the energy calibration for the theoretical maps is not
absolute. The calculated spectra were shifted in both directions for
the best agreement with the experimental MCD.

3. Theory

3.1. Crystal-field multiplet theory

The CrO2 crystal has a rutile structure and belongs to the space-
group P42/mnm (136) [35,53]. With the metal ion as the inversion
center (inversion symmetry) local pd-mixing is forbidden, but mix-
ing between different sites is possible. The Cr4+ ions occupy the
six-fold oxygen-coordinated sites with Wyckoff position 2a corre-
sponding to D2h point group symmetry [1,18,35,40,53,59,60]. In the
ground state, Cr4+ in CrO2 has a high spin (S = 1) 3d2 electron con-
figuration [8], which corresponds to the multi-electronic ground

3 +
state F in spherical symmetry (O3) as derived with Hund’s rules.
The splitting of the atomic multi-electronic state by the crystal-
field, through the successive branchings O3 → Oh → D4h → D2h is
illustrated in Fig. 3.

http://xdb.lbl.gov/
http://xdb.lbl.gov/
http://xdb.lbl.gov/
http://xdb.lbl.gov/
http://xdb.lbl.gov/
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Fig. 4. Crystal field splitting of the 3d2 high-spin multi-electronic configuration
3F+ (O3), as derived with Hund’s rules in spherical symmetry (O3), into the multi-
electronic 3T1g (Oh) ground state that is dominated by the |t2

2g
e0

g 〉 single-electron
configuration in octahedral symmetry (Oh).

Table 1
Metal-ligand distances in the equatorial plane de and apex direction da for CrO2 from
various sources (all values in angstrom (10−10m)  rounded to the last given digit).

Reference de da de − da

Porta et al. [42] 1.910 1.891 0.019
Deng et al. [13] 1.914 1.911 0.003
Burdett et al. [5] 1.911 1.888 0.023
Baur et al. [3] 1.917 1.882 0.035
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Fig. 5. Distortions for a 3d2 configuration yielding the transition from octahedral
(Oh) to tetragonal (D4h) symmetry. This changes the multi-electronic 3T1g (Oh)

Coulomb interaction between the ion and the ligands, but they
Average 1.913 1.893 0.020

In Oh symmetry only one crystal-field parameter Dq (or 10Dq) is
eeded. D4h symmetry requires in total three crystal-field param-
ters (Dq,Ds,Dt),  and in D2h symmetry five splitting parameters
Dq,Ds,Dt,D˛,Dˇ) are required. In Fig. 4, we illustrate in the single-
lectron picture the splitting of the atomic 3d2 orbital into the
artially filled and spin-polarised t2g, and the empty eg level in Oh
ymmetry.

For a tetravalent Cr cation (Cr4+) the crystal-field splitting energy
0Dq separating the t2g and the eg states is estimated (0.6 eV per
alency) to be approximately 10Dq ≈ 2.4 eV, in agreement with
ther reported values (Ikeno: 2.28 eV [25], Lewis: 2.5 eV [33]). The
ther parameters introduced by lower point group symmetries
escribe further the splittings of the mono-electronic levels as the
onsequence from a distortion of the metal ion site.

.2. Importance of the distortion

For CrO2 there are publications dating back to the 1970s [42]
eporting a compression of the octahedron. The metal-ligand dis-
ances in the equatorial plane de and the apical distances da on the
ocal z-axis can be directly acquired from X-ray diffraction (XRD)
ata. The published values are summarised in Table 1.

Though the difference de − da varies between 0.3 pm (0.15%) and
 pm (1.5%) all reports in Table 1 confirm an axial compression. We
ote that XRD measurements, due to relying on Bragg diffraction,
re always an average across many coordination spheres, while the
rystal-field model used here is strictly local.

As already pointed out by Korotin et al. [30], the compression
f the Cr octahedron induces the further splitting of the t2g orbitals
33,47]. As shown in Fig. 3, a longitudinal compression of the z-axis
esults in the lower point group symmetry D4h and splits the orbital
riplet 3T1g (Oh) ground state into 3Eg and 3B2g (D4h).

In the single particle picture as illustrated in Fig. 5, a compres-
ion of the octahedron along its z-axis splits the three-fold orbital
egenerate t2

2g level (Oh, two spin-up electrons in xy,  xz,  yz)  into the
1
2g (D4h) level (xy orbital) and the xz,yz orbitals subsequently form
he formally half-filled and two-fold orbital degenerate e1

g (D4h)
evel [46]. In addition, the empty two-fold degenerate eg (Oh) level
plits into the a (D ) level (z2 orbital) and the b (D ) level
1g 4h 1g 4h
x2 − y2 orbital). Altogether this yields the multi-electronic ground
tate 3Eg (D4h) in the compression case. This situation, with one
trongly localised electron in the b2g (D4h) level (xy orbital) and the
ground state into an orbital doublet 3Eg (D4h) in case of a compression, and it yields
the  orbital singlet 3B2g (D4h) as the ground state for an axial elongation (T = 0 K, no
spin–orbit interaction). For the assignment of the energies see Eqs. (1)–(4).

second itinerant electron at a higher energy level in the eg (D4h)
level is crucial for ferromagnetic CrO2 [13,30,33,46].

This is of great importance because the double-exchange
mechanism between the Cr ions requires one strongly localised
electron in the xy orbital and another delocalised and dispersed
electron in a higher level mediating the magnetic exchange
information (ferromagnetic coupling) via non-local transitions
[30,46–48].

The spins of the strongly localised electrons in the xy orbitals of
each Cr site are then coupled via the double-exchange mechanism
[30,39,47]. It has been shown that if all electrons were itiner-
ant, an antiferromagnetic coupling would be favoured [48] making
the compression (meaning the 3Eg groundstate) a requirement to
explain the ferromagnetism in CrO2 [47].

On the contrary, in the case of an elongation of the octahedrons z-
axis, the orbital singlet 3B2g (D4h) becomes the ground state, where
the two  3d electrons are in the e2

g (D4h) level (xz, yz orbitals) as
shown in Fig. 5. In this case, the two  electrons are not treated differ-
ently, making one localised and one delocalised electron impossible
in the elongation case. Hence the ferromagnetism in CrO2 and
the distortion of the octahedra are due to this connection closely
related.

These considerations highlight that the nature of the Cr site dis-
tortion and the relative energies of the electronic levels of the Cr4+

ion have a subtle, yet critical, relationship. To approximate the rel-
ative energies of the 3d orbitals in the single-particle picture using
the three crystal-field parameters Dq, Ds and Dt in tetragonal (D4h)
symmetry, we  use the following set of formulae [9,43]:

Ea1g = +6Dq − 2Ds − 6Dt (dz2 orbital) (1)

Eb1g
= +6Dq + 2Ds − Dt (dx2−y2 orbital) (2)

Eeg = −4Dq − Ds + 4Dt (dxz, dyz orbital) (3)

Eb2g
= −4Dq + 2Ds − Dt (dxy orbital) (4)

Usually da and de are of the order of angstroms (10−10 m)  yield-
ing for |Dq| values of the order of ∼100 meV, and |Ds| and |Dt|  are
usually <100 meV. The expressions (1)–(4) are an approximation
in the sense that they consider the crystal-field effects due to the
entirely disregard local spin–orbit and non-local exchange inter-
actions. However, they are useful to derive the general behaviour
in a single-particle picture for a given parameter set (Dq, Ds, Dt).
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F compression case. The picture is restricted to the three t2g (Oh) orbitals (xy,xz,yz)  leaving
t 3B2g (D4h).
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Fig. 7. Experimental High Energy Resolution Fluorescence Detection Magnetic Circu-
ig. 6. Examples illustrating possible 3B2g (D4h) and 3Eg (D4h) contributions in the 

he  eg (Oh) orbitals empty yielding a total of 9 micro states: 6 for 3Eg (D4h) and 3 for

Although the exact point group symmetry of the Cr ions is D2h,
he D2h splittings are by far too small to be resolvable in the present
xperimental data. Furthermore the two additional parameters in
2h are essentially unknown, making an evaluation of the crystal-
eld parameters difficult. Therefore, in the present paper we use
4h symmetry as an approximation in all calculations. In other
ords, the two D2h parameters D˛, Dˇ are implicitly set to zero. For

n accurate assessment of the two additional D2h parameters based
n experimental data a high resolution of a few millielectronvolt
meV) is required.

Often apical compressions and elongations are discussed as a
o called Jahn–Teller distortion describing the change of symme-
ry from Oh to D4h. Jahn–Teller distortions arise when the ground
tate energy can be reduced due to the distortion and hence it has

 stabilising effect. However, for CrO2 we note that the point group
ymmetry is not due to a Jahn–Teller distortion, because this would
nduce an axial elongation for a 3d2 system, where in fact an axial
ompression is observed. An axial elongation due to Jahn–Teller
ould lead to the energy stabilised 3B2g (D4h) ground state corre-

ponding to a double occupied eg level (see Fig. 5). In other words
he axial compression in CrO2 is not a Jahn–Teller distortion, instead
nother mechanism is required to justify the stabilisation of the
bserved compression.

.3. Cr4+ ground states 3Eg (D4h) and 3B2g (D4h)

The two multi-electronic states, the 3-fold (spin) degenerate
B2g (D4h) and the 6-fold degenerate 3Eg (D4h), have formally the
owest ground state energy, for an elongation and compression
espectively. Hence, at absolute zero T = 0 K these are therefore the
orresponding ground states (see Fig. 5). However, using only the
owest multi-electronic ground state 3Eg (D4h) for the expected
ompression implies a temperature of T = 0 K. The partial term
cheme in Fig. 6 illustrates that the multi-electronic state 3B2g (D4h),
orresponding in the single electron picture to the two electrons in

 |e2
g 〉 configuration, is also one of the excited states in the compres-

ion case.
Comparing Figs. 5 and 6 also shows that possible 3B2g (D4h) con-

ributions from an excited state in the compression case can be
ossible. The multi-electronic ground state GS is in this example
n unknown linear combination of the 3B2g (D4h) and 3Eg (D4h)
onfigurations as schematically formalised in expression (5):

S =  ̨ · 3B2g +  ̌ · 3Eg (5)

owever, it shall be clear that this is yet simplified and the real
inear combination directly relates to the exact multiplet structure,
nd the result therefore depends on the specific distortion and on

he magnetic splitting energies as well as spin–orbit and exchange
nteractions. In other words, the linear combination depends on the
xact order and energy splittings of the individual states due to the
arious interactions.
lar  Dichroism (HERFD-MCD) spectra at the Cr K-edge on CrO2, for Eout = 5415.3 eV,
illustrating the low MCD  intensity in the pre-edge (Ein ≈ 5992 eV) and in the dipole
main edge (Ein ≥ 5998 eV).

To consider temperatures T > 0 K the effective spectrum is com-
monly approximated as a linear combination of all contributing
ground states according to the

Boltzmann distribution pi ∝ exp
(−Ei

kBT

)
(6)

where the occupation probability pi for the multi-electronic state
i depends, with the Boltzmann constant kB and energy Ei, on the
absolute temperature T.

Due to the fact that in CrO2 several energy splittings in the tens of
meV  lead to a complex multiplet structure, it is without additional
information impossible to determine the exact linear combination
of the actual ground state. Additionally local and non-local mixing
add further difficulties when identifying the ground state charac-
ter. This can be illustrated with energy level diagrams showing the
dependency of the energy levels on the crystal-field parameters Dq,
Ds, Dt and M (see Fig. 21 in the Appendix).

In this paper we  discuss, based on crystal-field multiplet calcu-
lations, the different characters of the RIXS and RIXS-MCD maps
for two  characteristic contributions for the 3B2g (D4h) and 3Eg (D4h)
ground states. The crystal-field multiplet approach without addi-
tional charge transfer is a local theory, that we use here to model
the effect of the local point group symmetry on the splittings of the
multi-electronic energy levels of Cr4+ ions (3d2). In other words,
we calculate only the local contributions explicitly, while non-local

hybridisation (charge transfer) is approximated by the reduction of
the Slater integrals [10].

Hence it is expected that the calculated sum pre-edge spectrum
(Sum = + ) will lack any intersite transitions or metal-to-
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Fig. 8. Electric dipole and quadrupole contributions to the absorption cross-section
for  incident �k = (0,  0, 1) and polarisation �ε = (1,  0, 0), and calculated densities of
states (DOS) in CrO2 for the ground state and with a core hole in the Cr 1s shell
(indicated as Cr•). Relative contributions of the electric dipole and quadrupole tran-
sitions to the pre-edge structure (top), and projected densities of states (DOS) in
CrO2 for both spin directions. The Fermi level lies in a gap of the minority spin states
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Fig. 9. Partial projected Cr(3d) densities of states near the Fermi level. The xy orbital
nd it is fully spin-polarised. Cr(4p),Cr(3d) and O(2p) are overlapping in energy and
onsidered as contributions to the intersite Cr(4p) O(2p) Cr(3d) band.

igand charge transfer and will therefore not be able to reproduce
he experimental RIXS map  for the sum correctly. However, it is
ssumed that RIXS-MCD probes a local property, the local mag-
etic moment, and should therefore be well reproducible within a
rystal-field multiplet approach.

. Results and discussion

.1. Chromium K-edge

The X-ray Absorption Near Edge Structure (XANES) measured
ith High Energy Resolution Fluorescence Detection (HERFD) at the
r K-edge are shown in Fig. 7. It covers the Cr K pre-edge region and
he main edge, corresponding to a 1s X-ray absorption scan while
he spectrometer (analyser angle) remains fixed in order to detect
he Cr K˛1 (Eout = 5415.3 eV) emission that has been calibrated far
rom resonance.

The dichroism (Fig. 7 bottom) confirms the general trend of two
nverted MCD  signals for the positive and negative magnetic field
irection and it illustrates how small the MCD  signal in the pre-
dge region really is. The asymmetry between the MCD  signals
or the two magnetic field directions relates mostly to the relative
igh noise level as only three scans were averaged. In the following
e will look only at the pre-edge structure with incident energies

in < 6 keV.

.2. Density of states

The electric quadrupole and dipole absorption cross-section of

he Cr K-edge calculated by first-principle methods (solid lines) is
hown in Fig. 8 (top) and compared to the experimental spectrum
dotted line).
appears very localised and lowest in energy being in agreement with the expected
compression.

In 1s X-ray Absorption Spectroscopy (XAS), the electric dipole
transition probes the empty Cr p states whereas the electric
quadrupole transition probes the empty Cr d states. From the cal-
culated p and d density of states projected on the Cr atom with a
core-hole (Fig. 8, lower 3 plots), we can infer that there is a strong
electric dipole contribution between 2 and 5 eV, that is due to the
hybridisation of the Cr(4p) states of the absorbing atom with the
Cr(3d) states of the neighbouring Cr atoms. Furthermore we find an
electric quadrupole contribution at lower energy that appears as a
shoulder in the experimental spectra. The main effect of accounting
for the onsite Coulomb repulsion through the U term would be an
upward shift of the unoccupied d-band [36]. It is known that the
energy position of the unoccupied d states near the Fermi level is
very sensitive to core hole effects and that, when including a full
static 1s core-hole, it is usually calculated at a too high energy with
respect to the edge [6]. Hence, the energy separation between the
d peak and the p states may  not be accurately computed.

In Fig. 9, the Cr(3d) densities are displayed as partial density of
states projected onto the corresponding orbitals. The xy orbital is
localised in energy and thus not part of the continuum, hence it
is also localised in real space contrary to the xz,yz orbitals which
are more itinerant, in agreement with the effect of the crystal-field
in the compression case. The latter two  orbitals (Cr xz,yz) strongly
hybridise with O(2p) states related to the double-exchange mech-
anism.

Because Cr is centro-symmetric, on-site pd-hybridisation is for-
bidden by symmetry. Nevertheless intersite hybridisation between
the local Cr(4p) orbitals and the non-local Cr(3d) orbitals of the
neighbouring ions is possible (cf. Fig. 7 in [12]). This non-local
or intersite hybridisation can arise in solids where the many
metal sites form bands adding some local Cr(4p) character to the
mostly Cr(3d) character of the pre-edge. In CrO2 the O(2p) orbitals
mediate the hybridisation between the local Cr(4p) character and
the Cr(3d) bands of all Cr sites in the solid to form a “non-local
band” Cr(4p) O(2p) Cr(3d) due to intersite 4p3d hybridisation
[12,26,62].

In the ground state, this non-local band overlaps in energy with
the Cr(3d) and the Cr(4p) character in the pre-edge. When a 1s
core hole, indicated as Cr•, is created the local electronic struc-
ture is effectively shifted to lower energy due to the reduced

Coulomb repulsion of the core level. The shift of the local Cr•(3d)
level with respect to the unchanged Cr(3d) level is expected to be
approximately �Ein ≈ 2 −−2.5 eV while the Cr•(4p) level is, due to a
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Fig. 10. a) Experimental 1s2p RIXS sum ( + ) and b) the corresponding RIXS-MCD map  ( - ) of the CrO2 powder covering the K˛1,2 doublet, namely the 2p3/2 → 1s (K˛1)
and  2p1/2 → 1s (K˛2) decays after absorption in the Cr K pre-edge. The vertical and diagonal lines highlight the CIE and CEE slices discussed in this paper (see Figs. 12–14).
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Fig. 11. RIXS and RIXS-MCD maps of the K˛1 region in an emitted ener

ifferent screening, only slightly shifted by �Ein ≈ −0.5 eV to lower
nergy [26,62].

All other non-local Cr sites and the non-local band
r(4p) O(2p) Cr(3d) remain essentially unaffected and the
re-edge consists of two types of transitions:

i) Purely local or onsite transitions i.e. the native quadrupole

1s → 3d peak that will appear lowest in energy.

i) Non-local or intersite transitions i.e. from the local 1s shell
into the non-local Cr(4p) O(2p) Cr(3d) band which is approx-
imately 2.5 eV above the native Cr•(3d) peak.
w showing the positions of the extracted CEE slices as horizontal lines.

This non-local mixing combined with the above described com-
plex order of the multi-electronic ground states makes a detailed
analysis of the real electronic configuration difficult.

4.3. 1s2p RIXS-MCD map  of CrO2
The sum of both circular polarisations ( + ) yields the 1s2p
RIXS map  shown in Fig. 10a, and the difference ( − ) results in
the experimental 1s2p RIXS-MCD map  of a crystalline CrO2 powder
displayed in Fig. 10b.
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Fig. 12. Constant Emitted Energy (CEE) slices for Eout ∈ {5414.5, 5414.75, 5415.0,
5415.25}  eV top: CEE sum slices showing that the K˛1 pre-peak clearly consists
of  multiple peaks; bottom: CEE MCD  slices revealing the relative position of the
dichroism.

Fig. 13. Constant Incident Energy (CIE) slices across the onsite region (vgl. Fig. 12)
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Fig. 14. Constant Incident Energy (CIE) slices across the intersite region (vgl. Fig. 12)

peak are expected to be similar to conventional L -edge spectra,
or Ein ∈ {5992.25, 5992.50, 5992.75} eV derived from the two  maps in Fig. 10. top:
IE sum slices showing the K˛1,2 doublet; bottom: CIE MCD  slices with the strong
ichroism for the K˛1 emission, while the K˛2 region appears only weakly dichroic.

The sum (Fig. 10a) shows the typical band-like diagonal ori-
ntation for the K˛1,2 fluorescence decays. The experimental
s2p RIXS-MCD map  (Fig. 10b) clearly displays an intense magnetic
ircular dichroism for the 2p3/2 → 1s decay channel (K˛1) around
T ≈ 577 eV. Its vertical orientation indicates a resonant final state
FS) effect, as opposed to a MCD  in horizontal direction would mean
esonance on an intermediate state (IS).

The MCD  of the 2p1/2 → 1s decay channel (K˛2) in the upper
alf of the map  is an order of magnitude less intense with respect
o the K˛ dichroism. The K˛ and K˛ regions both display a weak
1 1 2
iagonal dichroic background in the MCD  map  (Fig. 10b).

The K˛1 pre-peak maximum in the RIXS map  (Fig. 10a) is
t Ein ≈ 5995 eV and ET ≈ 580 eV while the center of the K˛1
for Ein ∈ {5994.50, 5994.75, 5995.00, 5995.25} eV extracted from Fig. 10. top: CIE
sum slices showing the K˛1,2 doublet; bottom: CIE MCD slices with a relatively
weak dichroism for the K˛1,2 region.

MCD  appears approximately at Ein ≈ 5992.5 eV and ET ≈ 577.5 eV
(Fig. 10b). In other words, the position of the intense K˛1 dichro-
ism, marked with a circle in both maps, is located at approximately
�Ein ≈ 2.5 eV lower incident energy with respect to the pre-peak
maximum of the K˛1 emission.

4.4. Constant Emitted Energy (CEE) slices

The Constant Emitted Energy (CEE) slices are in the following used
to investigate the Cr K˛1 pre-peak structure. They are compara-
ble to HERFD-XAS and appear as diagonals in a RIXS map  in an
energy transfer view I(Ein, ET). They are identical to the correspond-
ing horizontal slices in maps in an emitted energy view I(Ein, Eout).
Subsequently, the CEE slices shown as diagonals in Fig. 10 appear
as horizontal lines in an emitted energy view as displayed in Fig. 11.

These CEE slices correspond to the emitted energies Eout ∈
{5414.5, 5414.75, 5415.0, 5415.25} eV. They are shown in Fig. 12
and immediately reveal that the pre-edge structure consists of at
least two  visible peaks. One peak at Ein ≈ 5992 eV which is assigned
to the quadrupole peak (1s → 3d) giving rise to the MCD, and
another structure centred around Ein ≈ 5995 eV is interpreted as
a non-local peak, whose contribution to the MCD  signal is small.

Therefore, the transitions into the spin-polarised t2g will dom-
inate the MCD  [13,24,33]. The empty eg level however can
contribute to the MCD  only via the exchange splitting between
the spin-up and spin-down eg states. This seems to be consistent
with the MCD  appearing at a lower incident energy with respect
to the pre-peak maximum as visible in Fig. 12. Here we  will use
crystal-field multiplet theory in an attempt to calculate the local
quadrupole contributions.

4.5. Constant Incident Energy (CIE) slices

A vertical slice extracted from a two  dimensional RIXS map  is a
Constant Incident Energy (CIE) slice. The CIE slices across the 1s pre-
2,3
because the final state 1s2 2p5 3dN+1 is identical in 1s2p RIXS and
in 2p XAS. However, the spectra are not identical because the 1s2p
RIXS process involves the matrix elements for the 1s → 3d excita-
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Fig. 15. Multi-electronic energy level diagram floating the magnetic exchange
parameter M from 0 to 50 meV. The threefold spin degenerate states 3Eg (D4h) and
3B2g (D4h) are separated at M = 0 meV by �E = |−3Ds + 5Dt| = 73 meV. The spin degen-
eracy is then removed due to the magnetic field (→ Zeeman effect). The circles
2 P. Zimmermann et al. / Journal of Electron Spec

ion and the 2p → 1s decay, which are different from the direct 2p
AS matrix elements. Thus the MCD  CIE slices across the intense
ichroism extracted from the MCD  map  are expected to be similar
ut not identical to conventional L2,3-edge XMCD spectra [7].

In the following the CIE slices corresponding to the vertical lines
n the two maps in Fig. 10 are discussed. The first set of three CIE
lices intersecting the intense K˛1 dichroism in the onsite region at
he incident energies Ein ∈ {5992.25, 5992.50, 5992.75} eV is dis-
layed in Fig. 13.

As expected, the CIE sum slices in Fig. 13 show the typical band-
ike shift with increased incident energy Ein being consistent with
he diagonal appearance of the K  ̨ pre-edge emission in Fig. 10a.

The MCD  slices on the other hand show only minor differences
ith no energy shift indicating a resonant (→ excitonic) effect. Only

he minima and maxima of the MCD  intensity, at ET ≈ 576.5 eV and
T ≈ 578 eV respectively, vary a bit. This can be explained with the
verlapping diagonal band character which is also visible as weak
iagonal dichroism in the RIXS-MCD map  (Fig. 10b).

Four other CIE slices across the intersite region in the maximum
f the Cr K˛1 pre-edge structure, extracted at the incident ener-
ies Ein ∈ {5994.50, 5994.75, 5995.00, 5995.25} eV, are displayed
n Fig. 14.

The CIE sum slices (Fig. 14 top) are again similar with the typi-
al band-like shift with increased incident energy Ein. The CIE MCD
lices (Fig. 14 bottom) show some energy dependent shift, which
ndicates that the dichroism in this region, is not purely quadrupo-
ar (→excitonic). The MCD  intensities are in this case almost an
rder of magnitude smaller with respect to the dichroism mea-
ured in the low-energy tail of the pre-peak around Ein ≈ 5992 eV
s shown in Fig. 13.

The observed energy shift is also consistent with the partially
iagonal appearance of the dichroism in the 1s2p RIXS-MCD map
Fig. 10b) around ET ≈ [580 ± 1] eV. This may  be assigned to the non-
ocal mixing of the 3d states inducing some band-like character
isible as dipole band transitions into the spin-polarised 3d-band.

 detailed quantitative analysis of the dichroism in this intersite
egion is difficult due to the involved intersite 4p3d hybridisation:
his aspect goes beyond the local CFM approach, which does not
ccount for the band structure of the solid and thus it prevents the
alculation of transitions to delocalised levels.

It is however noteworthy that overall the K˛2 dichroism shows
n this experiment no indication of a resonating behaviour as
pposed to the K˛1 dichroism.

.6. RIXS-MCD ground state character of CrO2

The detailed analysis of the CEE and CIE slices have revealed
hat the intense dichroism in the experimental RIXS-MCD map  in
ig. 10b is dominated by local excitonic transitions. Therefore, we
ssume that the local contributions to the pre-edge sum, and that
ost of the MCD  intensity can be calculated within the local crystal-

eld multiplet framework.
As discussed above, for ferromagnetic CrO2 an electronic struc-

ure corresponding to an axial compression with one strongly
ocalised and one itinerant electron is required for the proposed
ouble-exchange mechanism. The energy level diagram in Fig. 15
hows the behaviour of the multi-electronic states in the case of
he compressed distortion of the Cr site for a floating magnetic
xchange interaction M and without spin–orbit coupling.

As shown by this diagram, the super-exchange interaction M
emoves the threefold spin degeneracy of the 3Eg (D4h) and 3B2g
D4h) terms. The lowest multi-electronic ground state arises from

Eg (D4h) and should therefore dominate the spectrum. The energy
E separating the 3Eg (D4h) and 3B2g (D4h) at M = 0 meV  corre-

ponds in this case to �E  = |−3Ds + 5Dt| = 73 meV  and is therefore
lso dependent on the specific parameter set chosen. In this case
highlight intersections between the states indicating a possible mixing between the
states and a change of the ground states order. The dashed line marks M = 30 meV
used in the calculations.

the splittings are too large to justify a population of 3B2g (D4h) states
only due to thermal excitation (T = 300 K �E = kT ≈ 25 meV).

However, it is important to note that the twofold orbital degen-
eracy of the 3Eg (D4h) state, leading in total to six levels, is not
removed here by the magnetic field scaled with M.  Hence, only the
threefold spin degeneracy is removed. This is due to the fact that for
ferromagnets one has to use the Heisenberg exchange coupling in the

Hamiltonian in which the magnetic operator Ô is  defined without
the orbital momentum L:

Ô = Bx · (2 Ŝx) + By · (2 Ŝy) + Bz · (2 Ŝz) (7)

Whereas for paramagnets one has to use the usual definition
including the orbital momentum L:

Ô = Bx · (2 Ŝx + L̂x) + By · (2 Ŝy + L̂y) + Bz · (2 Ŝz + L̂z) (8)

For both cases, Bx, By, Bz are the components of the magnetic field
with Bx = (1, 0, 0) · M (and By, Bz analog), and Ŝx, Ŝy, Ŝz are the oper-
ators for the corresponding spin components. For the definition in
(8) L̂x, L̂y, L̂z are then analogous the operators for the correspond-
ing orbital components.

As we  have to use for the ferromagnet CrO2 the definition in (7),
this explains why the twofold orbital degeneracy of the 3Eg (D4h)
state is not removed in the energy level diagram shown in Fig. 15
(ferromagnet and spin–orbit interaction off). The 3Eg (D4h) state
will only split into six separate levels (3 for spin, 2 for orbit) when
equation (8) is used (paramagnets), or for a ferromagnet with the
definition in (7) when spin–orbit interaction is on as shown in the
Appendix in Fig. 21 top row.

It would go beyond the scope of this paper to discuss all calcu-
lated RIXS-MCD maps that were made to find acceptable agreement
with the experimental data. Thus here we  present the calculated
RIXS-MCD map  for a chosen parameter set that corresponds to the
compressed distortion, as a benchmark example for the interpre-
tation of the excitonic RIXS and RIXS-MCD features.

4.6.1. RIXS-MCD for 3Eg (D4h) ground states

One example calculation for a RIXS and RIXS-MCD map  for 3Eg

(D4h) ground state is shown in Fig. 16 and shortly discussed in
the following. The general appearance of the RIXS-MCD map  is not
similar to the experimental MCD  map.
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Fig. 16. Calculated 1s2p RIXS sum and MCD map  for a 3Eg (D

Fig. 17. Comparison the MCD  CIE slices to visualise the inverted behaviour of K˛2
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CD  with respect to the K˛1 emphasised with arrows indicating the local min-
ma  and maxima. The calculated MCD  CIE slice is scaled to match the experimental
ntensity.

Most notable is that the minimum and maximum of the MCD  are
ore separated on both axis when compared to the experimental

ata. Even under the consideration of the absence of any non-local
ontributions at higher energies it appears clear that the dichroism
s not shifted to the low-energy tail of the pre-edge structure as

arked with a circle in the RIXS and RIXS-MCD maps in Fig. 10 and
s it is better visible in the CEE slices in Fig. 12.

The CIE slices show the K˛1 well reproduced, while the K˛2
ichroism apparently has the opposite tendency in the calculation

 ) with respect to the experimental data ( ). The red
nd blue arrows correspond to the local minima and local maximal
n the MCD  slice and they emphasise the opposite behaviour of the

inima and maxima in the MCD  of the K˛2 region for the compar-
son between the experimental and calculation data. The effect is
lso illustrated with arrows in Fig. 17 comparing the calculated CIE
lice, which is highlighted by the red line in the RIXS MCD  map  in
ig. 16b, with the experimental slice already shown in Fig. 13.

This behaviour is visible for essentially all calculated 3Eg (D4h)
round states, but because the experimental K˛2 MCD  appears to

e mostly due to non-local mixing, an accurate modelling of the
˛2 MCD  is beyond the scope of the present multiplet model.

We have performed many calculations across a significant sec-
ion of the parameter space, and none of the parameter sets for a 3Eg
4h) ground state with spin–orbit coupling �3d = 100%.

(D4h) ground state yields an overall satisfactory result comparable
to the experimental data.

4.6.2. RIXS-MCD for 3B2g (D4h) ground states
As discussed above 3B2g (D4h) corresponds in the single elec-

tron picture for 3d2 having both electrons in the e2
g level (xz,yz

orbitals) as displayed in Fig. 5 and Fig. 6. Even though a 3B2g (D4h)
ground state appears to contradict the requirements for the pro-
posed double-exchange mechanism as cited above [30,46], and it is
known that the ground state at absolute zero temperature should
be a 3Eg (D4h) ground state, our calculations show that we  find
multiple solutions yielding a RIXS-MCD map comparable to the
experimental data for 3B2g (D4h) ground states. Furthermore we
find that for 3B2g (D4h) ground state calculations the RIXS and RIXS-
MCD  maps are in many cases essentially the same for 3d spin–orbit
interaction �3d either on or off.

One example for a calculation for a 3B2g (D4h) ground state with
3d spin–orbit interaction set to �3d = 0.0 eV is displayed in Fig. 18.

This is in agreement with other reports finding a reasonably
good agreement with spin–orbit interaction effectively switched
off due to the vanishing influence of an orbital momentum and
correlated spin–orbit effects [49]. Most notable is that the RIXS sum
for a 3B2g (D4h) ground state in Fig. 18a now consists of two  single-
peak structures, as opposed to the double-peak structures as visible
for the 3Eg (D4h) ground state.

A comparison of the calculated RIXS-MCD map  in Fig. 18b with
the experimental map  (Fig. 10b) shows that the weak diagonal
dichroism related to the band-character is absent in the calculation.
But this is expected and the general appearance of the RIXS-MCD
map  is quite well reproduced. In fact, under assumption of a 3B2g
(D4h) ground state we  find many solutions similar to the experi-

mental RIXS-MCD map.

In addition we now also find a different behaviour in the CIE
slices for the calculation ( ) with respect to the calculation
for the 3Eg (D4h) ground state. The results for 3B2g (D4h) do in fact
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Fig. 18. Calculated 1s2p RIXS sum and MCD map  for a 3B2g (D4h) ground state
without spin–orbit interaction �3d = 0%.
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ig. 19. Comparison of the experimental and the calculated CIE slices extracted from
igs. 10b and 18b .(The calculated slice is scaled to match experimental data.)

lso agree better with the experimental slices ( ) as shown
n Fig. 19.

Again, it would go beyond the scope of this paper to discuss all
alculated RIXS and RIXS-MCD maps for 3B2g (D4h) ground states,
hus it shall be clear that the shown maps are not supposed to be
aken as proposed solutions. Instead the calculations shown here
erve only as example to illustrate the general appearance of the
IXS and RIXS-MCD map  with a 3B2g (D4h) ground state character.

From these calculations, we conclude that the RIXS-MCD sig-
al appears to be dominated by ground state contributions with a
B2g (D4h) character. This would therefore suggest that the ground
tate is a mixed one, which further triggers the counter-intuitive
istortion with respect to pure Jahn–Teller considerations. Such

 complex ground state has already been suggested for various
ystems and in some cases is mediated by both double-exchange
echanism and vibronic couplings, which were not accounted in

ur present model [4,57].

. Summary

The RIXS-MCD approach delivers valuable information to
xperimentally disentangle the quadrupole from the dipole con-
ributions, where the quadrupole part of the spectrum reveals

agnetic information. As such, hard X-ray RIXS-MCD is a bulk-
ensitive high resolution magnetic spectroscopy.
In the case of CrO2 the K pre-edge structure is dominated by
ipole transitions into the non-local Cr(4p) O(2p) Cr(3d) band
riginating from intersite 4p3d hybridisation and the quadrupole
re-edge not detectable. The 1s2p RIXS-MCD unravels the strong
py and Related Phenomena 222 (2018) 74–87

resonant features in the K˛1 dichroism assigned to excitonic states.
The non-local states only show a weak non-resonant dichroism.

The assignment of the resonant features in the K˛1 dichroism
was interpreted with the CFM theory that describes the 3d3d and
2p3d multiplet interactions. Although the compressed axial dis-
tortion of the Cr4+ octahedron predicts a 3Eg (D4h) ground state,
the RIXS-MCD calculation of this ground state only fails to repro-
duce the observed dichroism. Our calculations suggest that i) the
spin–orbit coupling of the 3d electrons is quenched, and ii) there is
non-negligible contribution from the excited multi-electronic state
3B2g (D4h) in the ground state.

We conclude that we cannot give an unambiguous description of
the ground state from a local crystal-field approach. Both, the exis-
tence of a double-exchange mechanism and the strong non-local
Cr(4p) O(2p) Cr(3d) hybridisation indicate strong Cr Cr interac-
tions.

Recent computational developments that enable the coupling
between first principle density-functional theory and multi-
electronic calculations would enable to go beyond the crystal-field
model and provide valuable insights into the nature of the ground
state of CrO2.
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IDRIS (Grant i2016096863). The energy level diagrams have been
calculated with Quanty (www.quanty.org) [20,34,21]. All molecule
structures were created with Vesta [37].

Appendix A. RIXS-MCD for 3Eg (D4h) without spin–orbit
interaction

Another set of calculated maps for a 3Eg (D4h) ground state
with the 3d spin–orbit interaction turned off (�3d = 0.0 eV) is shown
in Fig. 20. This could be explained with a quenching of the 3d
spin–orbit interaction because the atomic value �3d = 54 meV is
small.

Furthermore the orbital magnetic moments of 3d transi-
tion metals are generally quenched because of the crystal-field
[28,22,23,18]. The metallicity of CrO2, crystal-field or symmetry
effects as well as angular averaging for a powder, all can reduce
the spin–orbit interaction.

The general appearance of the RIXS-MCD map  is remotely simi-
lar to the experimental data, but the MCD  intensity is by several
orders of magnitude too low (IMCD ∼ 10−7) with respect to the
quadrupole maximum in the sum. Furthermore the dominant MCD
of the K˛1 region again does not appear in the low energy tail of
the pre-edge structure of the RIXS sum, which is the case for the
experimental data (see circle in Fig. 10).

Usually it is expected that the 3d spin–orbit interaction �3d sep-
arates the MCD  minima and maxima in the incident energy Ein

direction. However, there is clearly a separation of the MCD min-
imum and maximum also in the incident direction visible in this
example proving that it is not purely be the 3d spin–orbit interac-
tion �3d.

http://www.quanty.org
http://www.quanty.org
http://www.quanty.org
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Table 3
Values for the ground state (GS), intermediate state (IS) and final state (FS) for the
3B2g state. Note, to reflect a fully quenched spin–orbit interaction �3d it is set to
0  meV. The results of the calculation are shown in Section 4.6.2.

GS IS FS

10Dq 2.347 eV 2.347 eV 2.347 eV
Ds  0 meV 0 meV  0 meV
Dt 200 meV  200 meV  200 meV
M  30 meV  30 meV 30 meV

F2(2p3d) – – 4.687 eV
G1(2p3d) – – 3.508 eV
G2(1s3d) – 38 meV  –
G3(2p3d) – – 1.996 eV

F2(3d3d) 6.133 eV 6.496 eV 6.538 eV
F4(3d3d) 3.868 eV 4.092 eV 4.123 eV

SOC �2p – – 5.668 eV
SOC �3d 0 meV 0 meV  0 meV
ig. 20. Calculated 1s2p RIXS sum and MCD  map  for a 3E (D4h) ground state with
d spin–orbit interaction �3d off.

ppendix B. Values used for the calculations

In this part we summarise the values used for the calculations
hown in this paper for the compression case with the ground state
Eg (Table 2) and for the elongation case for the ground state 3B2g
Table 3).

able 2
alues for the ground state (GS), intermediate state (IS) and final state (FS) for the
Eg state. Note, the values for spin–orbit interaction �3d are set to 0 meV  for the
pectra shown in Fig. 20. The results of the calculation are shown in Section 4.6.1
nd A.

GS IS FS

10Dq 2.347 eV 2.347 eV 2.347 eV
Ds −36 meV  −36 meV  −36 meV
Dt  −7 meV  −7 meV  −7 meV
M 30 meV  30 meV  30 meV

F2(2p3d) – – 4.687 eV
G1(2p3d) – – 3.508 eV
G2(1s3d) – 38 meV  –
G3(2p3d) – – 1.996 eV

F2(3d3d) 6.133 eV 6.496 eV 6.538 eV
4
F (3d3d) 3.868 eV 4.092 eV 4.123 eV

SOC �2p – – 5.668 eV
SOC �3d 41 meV  54 meV  53 meV
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ppendix C. Energy level diagrams

ig. 21. Energy level diagrams for Cr4+ with 3d spin–orbit interaction �3d on (top row) and off (bottom row). The vertical red dashed marker lines highlight the approximate
alue  used in the calculation (10Dq = 2.347 eV, Ds =−0.036 eV, Dt =−0.007 eV, M = 30 meV). The intersections of the dashed marker line with the energy levels do agree between
he  four corresponding diagrams and hence enable to illustrate the behaviour in the parameter space in the proximity of the chosen crystal-field and magnetic splitting
arameter values. Furthermore it is noteworthy that there are several crossings between the individual states which on the one hand implies a change of the order of the
round  states, and on the other hand can indicate a mixing of the ground state characters.
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