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Our goal is to understand how electron interactions in transition-metal compounds give rise to the ex-
traordinary and often unexpected quantum phenomena observed in these systems. The complexity of their
many-body electronic structure challenges us to develop approximations that capture the essential physics
behind these phenomena. To address this, we are advancing cutting-edge x-ray spectroscopic techniques in
conjunction with material-specific many-body model calculations.

In section 1.3 of the Status Report, we have al-
ready highlighted some of our key findings [1-3]:
Through photon-energy-dependent photoemission and
LDA+DMFT, we demonstrated that CaCuzRu4O;,
functions as an all-transition-metal Kondo system with
an exceptionally high Kondo temperature [1]. By
employing temperature-dependent HAXPES and full
atomic multiplet cluster calculations, we inferred that
paramagnetic LaCoOs3; is a highly inhomogeneous
mixed-spin-state system exhibiting spin-state-specific
local lattice relaxations. This finding offers an expla-
nation for the long-debated temperature dependence of
activation energies and the observed bad metal behav-
ior [2]. Utilizing the orientation dependence of the
HAXPES valence band spectra of the model compound
ReO3, we demonstrated the ability to obtain a direct
image—without the need for calculations—of the ac-
tive valence orbitals in crystalline materials. This in-
novative experimental method provides complementary
information to ARPES and is applicable not only to
bulk materials but also to thin films and multilayer sys-
tems [3].

We have further employed XAS and XMCD to deter-
mine the local charge, orbital, and spin states of transi-
tion metal ions in multi-component double and quadru-
ple perovskites [4—7], aiming to elucidate their unusual
magnetic and multiferroic properties. Similar stud-
ies, including HAXPES, have been conducted on com-
pounds with more complex crystal structures and com-
positions [8—15].

In this website report, we highlight several intriguing
and unexpected aspects uncovered during our investi-
gations of Ba,CoOy4 [16], Mg-doped Ti,O3 [17, 18],
FeWOy [19,20], and LaCoO3 multilayers [21].

Electronic structure of the high-spin Co** system
B32COO4 [16]

High-oxidation state transition metal oxides represent
a fascinating class of materials. In these systems, the
O 2p to transition metal 3d charge transfer energy A
is often expected to be negative, leading to a scenario
where the O 2p band can cross the Fermi level, resulting

in metallic p-type behavior. Notable examples include
SrCoO3 and Sr,CoQy4, where the Co ions are octahe-
drally coordinated. Yet, BaCoOs3 is semiconducting,
with its small band gap attributed to the face-sharing
nature of the CoOg octahedra. This structural arrange-
ment causes the O 2p ligand holes to exhibit poor inter-
octahedra (CoOg) hopping, a situation markedly differ-
ent from SrCoOs3 and Sr,CoQy,4, which feature corner-
sharing CoOg octahedra. Interestingly, the Co ions in
SrCoOs3 and Sr,CoQy are considered to adopt an inter-
mediate spin (IS, S =3/2) state, while in BaCoO3, they
exhibit a low spin (LS, S =1/2) state.

Bay;Co0Qy, is another high-oxidation state compound,
but it is composed of CoOy tetrahedra. The material is
an antiferromagnetic semiconductor with a Néel tem-
perature of approximately 25 K and large moments that
suggest a §=5/2 high-spin (HS) state for the Co ions.
Our goal here is to investigate why this high-oxidation-
state compound is not metallic and why it exhibits such
large local moments.

We performed XAS measurements at the Co Ly 3 and
O K edges and confirmed the formal 4+ valence of the
Co ion using reference spectra. Through full atomic
multiplet configuration interaction calculations, we de-
termined that the crystal field parameter 10Dg that
best reproduces the Ba,CoQy4 spectrum is about -0.5 eV,
confirming that the Co ions are indeed in the HS S=5/2
state. Interestingly, the calculations also revealed that
for 10Dg more negative than about -2.0 eV, the Co
would transition to the LS §=1/2 state. Since Ba;CoQOy4
is very far from this threshold, we can confidently con-
clude that the HS state in BapCoQy is highly stable.

Our valence band photoemission spectrum is repre-
sented by the black curve in the top panel of Fig. 1. This
spectrum cannot be adequatley explained by LDA band
structure calculations, as shown by the grey curve in the
bottom panel of Fig. 1. However, using the full atomic
multiplet configuration interaction calculations, we suc-
cessfully achieved a good simulation, as depicted by the
green curve in the middle panel of Fig. 1. This result
was obtained with a charge transfer energy A=-3.5eV.
A positive A would indicate that the lowest configura-
tion is the Co 34> and that the Co 3d®L configuration is
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Fig. 1: Valence band photoemission of Ba;CoOy taken
at hv = 440 eV photon energy (top panel) together with
the Co 3d spectral weight from the CoOy cluster calcu-
lation for a range of charge transfer energy values A,
from +2.5 to -7.5 eV (middle panel) and the LDA cal-
culation in the antiferromagnetic state (bottom panel).

A higher in energy, and the Co 3d” L? higher by 2A+U,
and so on, where L denotes a hole in the O2p ligand
of the CoOy4 cluster. However, the negative value of
A =-3.5 eV implies that the primary charge configura-
tion of Co is not 3d> (only 19% weight) but predom-
inantly 3d°L (52%), followed by 3d’L? (26%) with a
small contribution from 3d%L3 (3%). This high oxi-
dation state of the Co ions is thus characterized by a
significant delocalization of holes onto the oxygen lig-
ands. Despite this delocalization, the formal valence of
the Co system remains 4+ (or rather IV), with the sym-
metry consistent with the HS 34> configuration.

The excellent agreement between the experimental
spectra and the CoO4 cluster calculations justifies a-
posteriori, the use a single-site configuration interac-
tion approach. However, this approach might be in-
adequate for metallic materials where substantial inter-
site or inter-cluster charge fluctuations are present. As
noted earlier, a p-type metallic behavior could be antic-
ipated in high-oxidation-state transition metal oxides,
but this does not manifest in Ba;CoQj, suggesting that
the ligand holes exhibit weak hopping due to the poor
connectivity of the CoO; tetrahedra within the crystal
structure.
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Fig. 2: (a) Model I, corresponding to a Ti**-Ti** pair

with occupied a\g-ayg orbitals and Mg**-Ti** pair with
empty Mg 3s and Ti 3d orbitals. Their relative popula-
tions are 1-y and y, respectively. (b) Model II, corre-
sponding to a Ti>*-Ti** pair with occupied a\g4-aig or-
bitals, Mg™-Ti** pair with empty Mg 3s and occupied
Ti 3d ey orbitals, and Ti3*-Ti** pair with occupied Ti
3d a1 and empty Ti 3d orbitals. Their relative popula-

tions are, 1-2y, y, and y, respectively.

Intra c-axis dimer hybridization and mixed valency
in Mg-doped Ti,O; [17,18]

Corundum-type Ti;O3z consists of Ti-Ti pairs within
face-sharing TiOg octahedra. The Ti-Ti distance within
these pairs gradually shortens as the temperature de-
creases from 600 to 400 K, during which Ti,O3 under-
goes a metal-to-insulator transition. The reduction in
Ti-Ti distance can be viewed as a dimerization or the
formation of Ti**-Ti** molecular units. From a theoret-
ical perspective, the Ti3d a4 states play a crucial role
in forming the molecular orbitals that stabilize the insu-
lating state.

It is interesting to study the effect of doping. Indeed,
Mg substitution for Ti in the spinel-type Mg, Tiz—xO4
system induces localized Ti spins and generates in-
triguing magnetic properties, suggesting that the Ti-Ti
dimers are quickly disrupted. However, the situation
for Ti,O3 may be quite different. In Ti, O3, the Ti-Ti
pairs or dimers along the ¢ axis in the face-sharing oc-
tahedra are structurally present at all temperatures. The
interesting question is how the extra charge will be dis-
tributed over the lattice when Mg is substituted for Ti in
the Mg, Ti,_, O3 system. Two possibilities can be en-
visioned. The first is that the Ti**-Ti** dimers remain
intact, with the Mg?* ion paired along the ¢ axis with an
isolated Ti** ion (see Model I in the left panel of Fig. 2).
The second possibility is that the Ti-Ti dimers consist
of Ti**-Ti** with the Mg?* ion paired with an isolated
Ti** ion (see Model II in the right panel of Fig. 2). Since
the Ti-Ti distance along the ¢ axis is shorter than those
on the ab plane in TiyO3, the first possibility benefits
from the excitonic Madelung energy of Mg?*-Ti** in-
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side the face-sharing octahedra, as opposed to the Mg+
and Ti*" sites being farther apart.

We have investigated Mg, Ti;_, O3 (y = 0.01, 0.29,
0.63, 1.00) using HAXPES and polarization-dependent
XAS at the Ti L, 3 edges. We found that the initial sub-
stitution of Ti by Mg does not lead to the formation
of Mg>*-Ti** pairs (Model I), as previously thought.
Instead, it creates Mg?*-Ti** pairs, with the Ti** ions
forming Ti**-Ti** pairs elsewhere in the structure. This
conclusion was further supported by the observation
that the holes introduced by the Mg substitution were
found to be in the Ti-Ti pairs. We developed a model for
the y=0.29 composition, which consists of Mg?*-Ti**
pairs with e7 orbital symmetry, Ti**-Ti** pairs with a;,
orbital symmetry, and Ti**-Ti** pairs with aj4-aj4 sin-
glet bonds (Model II). This result highlights the crucial
role of hybridization within the c-axis pairs not only in
the Ti**-Ti** configuration, but especially in the Ti**-
Ti** mixed valence state. This hybridization effect su-
persedes the Madelung gain energy associated with the
Mg?*-Ti** c-axis pair formation.

As the Mg content increased in the y=0.63 composi-
tion, we observed a change in the orbital symmetry of
the Ti** ions in the Ti**-Ti*" pairs, with some convert-
ing from aq to eg. The Ti-Ti bonds along the ¢ axis
tend to collapse at this hole-doping level, indicating a
significant impact of hole doping on the electronic prop-
erties. These findings provide valuable insights into
the electronic properties of transition-metal oxides and
their metal-insulator transitions.

Electronic structure of the Fe’* compound FeWO,:
correlations affecting the W 64 band [19,20]

FeWO, is an antiferromagnetic semiconductor with
a band gap of about 2eV and a Néel temperature
of 75 K. It belongs to the wolframite-type tungstates,
which crystallize in a monoclinic structure where both
iron and tungsten atoms are surrounded by six oxygen
atoms. These octahedral FeOg and WQOg clusters form
two edge-shared zigzag chains along the [001] direc-
tion. The large electrochemical activity observed in this
material has been attributed to reversible Fe?*/Fe’* sur-
face redox reactions, making samples with large surface
areas particularly attractive for applications. As a result,
most reported studies have focused on various forms of
nanocrystals, nanostructures, or polycrystalline materi-
als. However, detailed studies of the electronic struc-
ture of monophase FeWO, single crystals are still lack-
ing. Having recently developed a method for synthesiz-
ing millimeter-sized high-quality single crystals [19],
we present here a comprehensive investigation of the
electronic structure of FeWO,, combining experimental
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Fig. 3: Fe 3d and W 5d spectral weight deduced from
the normalized and background-corrected valence band
spectra taken at XPS and HAXPES photon energies.
(a) Iron contribution: the HAXPES spectrum has been
rescaled by a factor of 0.8 and the difference spectrum
is compared to the results of the FeOg cluster calcu-
lation. (b) Tungsten contribution: the XPS spectrum
has been rescaled by a factor of 0.08 and the difference
spectrum is compared to the broadened W 5d density of
states from the band structure calculation.

photoelectron spectroscopy at different photon energies
with theoretical analysis.

Figure 3 shows the valence band spectra measured at
photon energies of 1486.6 eV (XPS) and 6.5 keV
(HAXPES). These spectra exhibit a distinct peak near
the Fermi level, at around 1 eV binding energy, which
is well separated from a region of higher intensity be-
tween 2 and 10 eV. The two spectra are not identical
due to the different photon energy dependence of the
photoionization cross-sections of the Fe3d and W 5d
states. In fact, as explained in detail in Ref. [20], we
can leverage this photon energy dependence to extract
the separate contributions of the Fe 3d and W 5d shells
to the valence band.

The bottom panel of Fig. 3a shows the extracted exper-
imental Fe 3d spectral weight (light red curve) along
with the result of a FeOg full multiplet configuration in-
teraction cluster calculation (solid red curve). The over-
all agreement is satisfactory. The peak at 1 eV binding
energy is a signature of the Fe>* 34 high-spin configu-
ration and can be assigned to the photoemission of the
minority spin electron from the 34° initial state to a 3d°
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A final state. This is notably different from Fe** com-
pounds with the 3d° configuration, which do not exhibit
a comparable feature near the Fermi level.

The bottom panel of Fig. 3b shows the extracted exper-
imental W 54 spectral weight (light green curve) along-
side the W 5d partial density of states (pDOS) from the
band structure calculation (solid green curve). Signifi-
cant deviations can be observed. The band structure cal-
culation predicts a much larger intensity at 1 eV binding
energy, which is related to the hybridization between
tungsten and iron, but this intensity is overestimated in
the calculation. On the other hand, the shape of the W
5d pDOS between 3 and 7 eV is significantly reduced
compared to the experimental data, indicating that the
contribution from tungsten is not adequately described
by the band structure, and in this case, is significantly
underestimated. A possible solution to this problem is
provided by the FeOg cluster calculation, which shows
that it is actually the iron that exhibits spectral fea-
tures in this energy region. Consequently, the spectral
weight from the 1eV region is "transferred” to the 3-
7 eV region due to hybridization with the iron, which
contributes intensity there because of correlations not
captured by the band structure model.

To conclude, the spectral weight of the Fe 3d states can
be accurately described by the full multiplet configu-
ration interaction calculation using an octahedral FeOg
cluster. In contrast, the W 5d pDOS calculated from
the band structure shows significant discrepancies. This
is surprising at first, as electron correlation effects are
not typically expected to play a prominent role for wide
bands like the 5d states. However, the hybridization of
the W 5d with the Fe 3d states, mediated by the O 2p or-
bitals, appears to be very strong. This strong hybridiza-
tion highlights the necessity of using methods such as
DFT + DMFT to capture these effects self-consistently.

Realization of high-spin and ferromagnetic LaCoQO;
monolayer [21]

Perovskite LaCoOs has been the subject of extensive
and ongoing investigation due to the delicate competi-
tion between high-spin (HS) and low-spin (LS) states of
Co?* ions in octahedral coordination. Not surprisingly,
it remains a significant challenge to deliberately tune
the properties of LaCoO3 for spintronic applications.
For instance, it is still unclear how to stabilize ferro-
magnetism in LaCoOs thin films. In this study, our col-
laborators synthesized SrlrOs;/LaCoOs (SIO/LCO) su-
perlattices on SrTiO3; (STO), and together we investi-
gated their magnetic properties using XAS and XMCD.
The results are presented in Fig.4. Panel (a) shows
HAADF-STEM images of the SIOs/LCO; (Ss/L;) and
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SIO;/LCO; (Sy/L;) superlattices, demonstrating the
high quality of the material. Panel (b) schematically
summarizes the valence and spin states of the Co ions
in the superlattices, as extracted from XAS data taken
at the Co L, 3 edges. Panel (c) displays a typical set of
measured and calculated Co L3 spectra, while panel (d)
summarizes the fractions of HS Co**, LS Co**, and HS
Co?* in the different superlattice compositions.

It is surprising to observe that the fraction of HS Co’*
is significantly high in the superlattices, approximately
60%, which is much higher than the 25% found for bulk
LaCoO3; under ambient conditions [22]. Even more
surprising is that the LS fraction of Co’* decreases as
the LCO layers become thinner, and it completely van-
ishes in the monolayer of LCO within the superlattice.
Concurrently, the fraction of HS Co?* increases, almost
compensating for the decrease in LS Co* fraction. This
suggests that charge transfer between Co** and Ir** to
Co?* and Ir’* is energetically favorable. This is per-
haps not surprising since it is even possible for Co>*
and Ir’* to be converted to Co* and Ir%*, as observed
in Sr,ColrOg [23].

The presence of both HS Co** and HS Co?* in equal
quantities at the interface of SIO/LCO enables the dou-
ble exchange mechanism, thereby stabilizing the metal-
lic ferromagnetic state. This should be contrasted
with the case of La; 5Srg5Co04, where equal quanti-
ties of LS Co** and HS Co?* result in a highly insu-
lating state due to the spin-blockade mechanism [24].
La;j 5Srg 5Co04 also exhibits a very low magnetic or-
dering temperature, primarily due to the non-magnetic
character of LS Co**. In contrast, the ferromagnetic
exchange interaction in the LCO monolayer is much
stronger, as it has equal fractions of Co** and Co?*, both
in the HS state.

The observation that LS Co’* is essentially absent in
the monolayer LCO, with the HS Co®* instead be-
ing stabilized, is a crucial aspect that requires fur-
ther explanation. In previous studies, we investigated
SrCog sIrp. 504 and found that all Co>* ions were in
the HS state [25]. This is a relatively rare case of HS
Co** in octahedral coordination. However, in this ma-
terial, the large Co-O distance of 1.97A corresponds
very well with the HS Co** state. The key observa-
tion is that to stabilize Co>* in the HS state, the Co-O
coordination needs to have very large distances, specif-
ically around 1.97-1.98 A or larger. Merely providing
"room", as in Laj 5Srg 5CoQy, is insufficient, since in
that case, the Co>* forms strong covalent bonds with
oxygen, resulting in shorter Co-O distances that stabi-
lize the LS state. In the case of SIO/LCO, however,
the inherent larger lattice of SrlrO3 (SIO) exerts tensile
strain on the LaCoO3 (LCO) layer, stabilizing the HS
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Fig. 4: SrlrO3/LaCoOs (SIO/LCO) multilayers on SrTiO3 (STO): a) HAADF-STEM images of SIOs/LCO (Ss5/L1)
and SIO\/LCO; (S1/Ly); b) schematic valence state (2+/3+) and spin state (LS/HS, low-spin/high-spin) profile of
the Co ions; c) Co Lz XAS spectra and simulations; d) fractions of HS Co™*, LS Co** and HS Co** in the different

superlattice compositions.

state for Co>*. This "clamping" effect is short-ranged
for large lattice mismatches [26], which explains why
LS Co?* could appear if the LCO layer becomes thicker.
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