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11.2 Markus Griininger

1 Introduction

Correlated electron systems offer fundamentally interesting physics in exotic quantum phases
of matter, and their characteristic excitations weave the rich tapestry of their fascinating prop-
erties. To develop a comprehensive understanding of a given compound or phase, it is crucial
to examine it from the distinct perspectives offered by various spectroscopic tools. Prominent
examples include inelastic scattering of neutrons or of photons, angle-resolved photoemission
(ARPES), and optical spectroscopy. Resonant inelastic x-ray scattering (RIXS) is a most pow-
erful experimental technique with unique advantages for studying charge-neutral low-energy
excitations [1]. This covers a wide field of magnetic and orbital excitations, phonons (and
electron-phonon coupling), density-wave excitations, plasmons, electron-hole continua and ex-
citons, and charge-transfer excitations.! To underscore the versatility of RIXS, we focus on the
example of spin/orbital excitations in Mott insulators. RIXS has been used to, e.g., determine
the dispersions of magnons, paramagnons, orbitons, spin-orbit excitons, and of a two-triplon
bound state [7—13], probe the continua of bi-magnons, spinons, and triplons [14—-17], detect
spin excitations with AS* up to 5 [18, 19], and demonstrate the bond-directional character of
magnetic excitations in a proximate Kitaev spin liquid [20], to name but a few.

RIXS is a relatively new addition to the field. This is mainly due to enormous advances in
synchrotron light sources and instrumentation, improving, e.g., energy resolution and count
rates for soft, tender, and hard x-rays [21-24], but also in theoretical description [1-5]. We use
an example from the hard x-ray range. In 2011, RIXS at the Ir L3 edge (2p3/; to 5d, 11.2keV)
has been predicted to be promising for probing low-energy excitations of spin-orbit entangled
j =1/2 moments in 5d° compounds [25]. First results in 2011 used a resolution 6 £ ~ 1 eV [26].
In 2012-14, this has been improved to ) £ = 130 meV [8], 36 meV [22], 30 meV [9], and 25 meV
[10], which is widely used until today. The current record is 10 meV but comes with reduced
intensity [27]. Still, there are only two user facilities for high-resolution hard x-ray RIXS.?

In these lecture notes, we discuss RIXS on Mott-insulating 4d and 5d transition-metal com-
pounds with strong spin-orbit coupling. We focus on cluster Mott insulators [28], a new class
of materials in which electrons are delocalized over a small cluster, e.g., dimers or tetrahedra,
while inter-cluster charge fluctuations are suppressed by Coulomb interactions. Such cluster
Mott insulators offer the possibility of tailoring and controlling unconventional quasimolecu-
lar magnetic moments and exchange interactions, paving the way for novel phases of quantum
matter. RIXS is the ideal tool to study the quasimolecular electronic structure and magnetic
moments that are governed by the competition of correlation, intra-cluster hopping, spin-orbit
coupling, and crystal field. The excitation energy Awy of local intra-cluster excitations does not
show dispersion. Still, the q dependence is a key feature: Coherent resonant scattering on the
cluster sites yields an interference pattern in the g-dependent RIXS intensity that reflects the
dynamical structure factor S(q,wy) of the intra-cluster excitations. This interference pattern
provides valuable information on the symmetry and character of the electronic states.

IFor reviews of RIXS, see [1-5]. RIXS has also been addressed within the Jiilich Autumn School [6].
2European Synchrotron Radiation Facility (ESRF, Grenoble) and Advanced Photon Source (APS, ANL, USA).
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Fig. 1: Resonant inelastic x-ray scattering. a) Sketch of the scattering geometry with trans-
ferred momentum q = k;,—k,., where 20 (not to be confused with 2 - 0) is the scattering
angle and 0 the angle of incidence. The sketch uses linear incident polarization &;, lying in the
horizontal scattering plane, while the polarization of the scattered photons is not resolved. b)
Example for a direct RIXS process at the V Ls edge at about 515 eV, as observed in YVOs3 [29].
In the ground state |0), a V3% d? site hosts two ta, electrons with S =1. Upon absorption of
an x-ray photon with suitable energy E;,, a 2p core electron is promoted to the 3d shell (in
this example, we have chosen an e, orbital). At the Ls edge, the intermediate state |i) shows
a 2ps3 )2 core hole. Within the 2p level, spin-orbit coupling is strong, splitting the 2p° configu-
ration (S =1/2, L=1) into 2p1/2 and 2ps o states with J = 1/2 and 32, respectively. Finally,
an electron relaxes from the 3d shell to the 2p core shell and an x-ray photon with energy E,,;
is emitted. In the example, the final state |f) with excitation energy Ej,s = Eiy—Eyy shows
a ty, e, state with S =0, i.e., a different 3d> multiplet. The excitation affects both the orbital
occupation and the spin. The change of spin from S =1 to 0 is possible since spin is not a good
quantum number in the intermediate state with a 2ps,, core hole. For simplicity, we focused
on the transferred energy E),s but also the transferred momentum q and the polarizations of
incident and scattered photons are relevant.

The basic principles of RIXS will be introduced in Sec. 2, while Sec. 3 presents an example
of resonance behavior. To contextualize the results on cluster Mott compounds, Sec. 4 dis-
cusses local cubic multiplets in Mott insulators with strong spin-orbit coupling. We address
5d® KyReClg and 5d* K,0sClg, model systems for the competition of Hund’s coupling and
spin-orbit coupling. In Sec. 5 on cluster Mott insulators, we introduce the concept of RIXS in-
terferometry and demonstrate its power for the study of cluster Mott insulators but also disorder
phenomena. In face-sharing 5d iridate dimers and trimers, large hopping yields quasimolecular
behavior. In an intuitive picture, the quasimolecular orbitals are built from spin-orbit entangled
j states. In 4d Ru dimers, however, the dichotomy of conventional single-site Mott behavior and
quasimolecular cluster Mott insulators breaks down. Hopping, Hund’s coupling, and trigonal
crystal-field splitting are of comparable size, resulting in an electronic structure with properties
that lie between Mott behavior and cluster Mott behavior. Altogether, these compounds provide
a new perspective on the competition of hopping and correlations.
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2 RIXS on correlated transition-metal compounds

In (R)IXS, an incident x-ray photon with energy £, and wave vector k;, is absorbed and a
photon with E,, and k., is emitted, see Fig. 1a). This creates® an excitation with energy
Ein—FEqo and q = ki, —k,y. For the large x-ray energies such as 11.2keV at the Ir L3 edge,
the phase space for energy and momentum transfer is huge. With |¢| = (2Ei,/hc) sin(20/2),
the transferred momentum is as large as, e.g., 8 A-! for 20=90° and FE,,=11.2keV. For soft
x-rays, |q| is smaller, e.g., 0.4 A-latthe V L, edge at 0.51 keV, again for 260 =90°.

For comparison, we first consider inelastic x-ray scattering (IXS) [30,31]. In non-resonant scat-
tering, the x-rays couple to the electronic charge density p. and directly probe the corresponding
dynamical structure factor S.(q,w), measuring the fluctuations of p.. IXS is a versatile tool for
the study of electron dynamics and phonons, for instance up to 200 meV in graphite [32].43

In contrast, RIXS is a resonant technique. The incident energy £, is tuned to an x-ray absorp-
tion edge, i.e., an atomic transition. Examples are transition-metal K edges (e.g., Cu 1s to 4p),
transition-metal L edges (e.g., Cu 2p to 3d), and ligand K edges (e.g., O 1s to 2p).® The choice
of the absorption edge is decisive for the selection rules, opening entirely different excitation
channels and turning RIXS into a most versatile tool. We illustrate this for RIXS at a transition-
metal L3 edge, involving two dipole transitions between 2p and d states, see Fig. 1b). The initial
absorption process promotes a 2p core electron to an empty state in the partially filled d shell,
1.e., right into the states relevant to the low-energy properties. Consequently, L-edge RIXS is
particularly sensitive to spin and orbital excitations. We choose the case of V 3d? in YVO3 [29].
The intermediate state shows a 2p° 3d* configuration with a 2p core hole. The strong potential
of the core hole attracts the excited electron, which in the intermediate state does not delocalize
in the lattice but is bound to the core-hole site. The intermediate state has a very short life time.
It decays via the relaxation of an electron from the 3d valence shell to the 2p core level, emitting
a photon with E,,. This leaves the d shell in an excited state 3d**. Our example in Fig. 1b)
uses an S =1 t3, ground state and an S =0 t;, e, final state. Compared to the ground state, the
RIXS process created an e, electron and a ¢y, hole on the same site, i.e., an on-site exciton, a
charge-neutral excitation. In this example, the exciton corresponds to a multiplet excitation in
which both the orbital occupation and the total spin have been changed. The change in total
angular momentum is balanced by the polarization of the scattered photon.

Thus far, we only referred to local properties, describing a local excitation. In fact, the disper-
sion of orbital excitations is often comparable to the peak width, so that they can be approxi-
mated as being local, see Sec. 4.2. However, this is related to the, in many cases, small effective
hopping of orbital excitations but is not caused by the RIXS process. Based on the translational
invariance of the lattice, the exciton lives in q space and may delocalize. Propagating orbital
excitations with a sizable dispersion are called orbitons and can be observed in RIXS [12]. We

3 Also annihilation processes with Eyy > Ei, are possible, equivalent to anti-Stokes Raman scattering.

4See [33] for lecture notes of L.H. Tjeng on imaging of orbitals via non-resonant IXS.

3In non-resonant IXS, sub-meV resolution has been achieved [34], but RIXS is more challenging, since high
resolution has to be realized at the particular energy dictated by the absorption edge of the compound under study.

5The K, L, and M edges correspond to core shells with main quantum number n =1, 2, and 3, respectively.
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consider the more common case of magnons, propagating spin waves. In a system with long-
range magnetic order, a local spin flip is not an eigenstate, but magnons are. A magnon can be
viewed as a superposition of local spin flips, and the excitation of a magnon with a given q cor-
responds to a coherent sum over spin-flip RIXS processes on all sites involved in the magnon.
Since x-rays carry large q, the dispersions of magnons and orbitons can be mapped out.
Spin-flip excitations are allowed in our example of RIXS at a transition-metal L3 edge [7,25,35].
A spin flip within the d shell is possible due to the strong spin-orbit coupling within the 2p shell
that splits the core hole states into 2p, /o and 2ps /2, see Fig. 1. The splitting amounts to several
eV in 3d transition metals such as V or Cu and is as large as 1.6keV in Ir. Based on this
strong spin-orbit coupling, spin is not a good quantum number in the intermediate state. In
comparison, spin-orbit coupling vanishes for the 1s shell with L = 0. Therefore, K-edge RIXS
with a 1s core hole does not allow for spin-flip excitations [29]. This demonstrates the decisive
role of the absorption edge for the selection rules.

All of the RIXS results discussed in the following have been obtained at a transition-metal L
edge, using so-called direct RIXS as shown in Fig. 1b). Indirect RIXS becomes important when
direct RIXS is forbidden by selection rules. As an example for indirect RIXS, we consider the
Cu K edge. We start with a dipole transition from the 1s core orbital to the empty 4p valence
shell far above the Fermi level, and later the same electron relaxes. The excitation within the
partially filled 3d shell arises in a shake-up process via the interaction with the core hole in the
intermediate state, where the short-lived 4p electron can be viewed as a spectator of the physics
of the 3d shell. For instance, the core hole may be screened by the excitation of a phonon. Thus,
phonons can be studied in indirect RIXS, but they are suppressed in direct RIXS [36].

The resonant character of RIXS comes with a series of advantages such as resonant enhance-
ment of the scattering cross section, element and orbital specificity, and control over selection
rules. When a solid absorbs an x-ray photon, there are many possible decay channels, and reso-
nant enhancement at an x-ray absorption edge provides a decent signal for low-energy inelastic
scattering. At the same time, the choice of a particular absorption edge yields element speci-
ficity. Measuring at an absorption edge of a given transition metal, RIXS probes in particular
the electronic, orbital, and spin excitations in which ions of this transition-metal element are
involved. The dipole selection rules add orbital selectivity that can be controlled via the polar-
ization. Furthermore, the choice of the absorption edge also selects the shell of valence orbitals
involved in the intermediate state as well as the selection rules, as discussed above. RIXS at
different edges provides different information on the excitations. One example is the compre-
hensive picture of the crystal-field (or local d-d) and magnetic excitations of the paradigmatic
antiferromagnet NiO that has been obtained by studying RIXS at the Ni M, L, and K edges as
well as at the O K edge [37—-44].

Note that RIXS is a bulk sensitive technique. The x-ray penetration depth depends strongly
on the energy and the compound, but it is of the order of 0.1 um to a few micrometer. Still
it is possible to investigate, e.g., thin films, which may require employing a small angle of
incidence. Modern synchrotrons are highly brilliant light sources that offer spot sizes down to
a few micrometers, permitting the study of small single crystals (order of 100 um).
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Fig. 2: Resonance behavior of the RIXS intensity at a transition-metal L edge. We use the
5d* Mott insulator K,OsClg as an example [45]. Resonant enhancement is revealed by RIXS
spectra for a series of incident energies FE;, across the Os Ls edge. The energy loss of RIXS
peaks is independent of E;,. The peak intensity shows resonant enhancement for initial x-ray
absorption to either ty, or e, orbitals at 10.870 keV or 10.8735 keV, respectively. This allows us
to distinguish intra-ty, excitations, excitations to e, orbitals, and charge-transfer excitations.
a) Cubic crystal structure of K2OsClg (space group Fm3m at 300 K). b) RIXS spectra measured
at tyg and ey resonance at 20 K. The energy loss axis is the same as for the resonance map in c).
d) Normalized cuts through the resonance map at constant loss. The behavior at 4.6 eV indicates
two distinct excitations. As shown in a), the OsClg octahedra are well separated and form an
fec lattice. The structure can be derived from the widely studied double perovskites Ay BB'Og
by placing ordered vacancies on the B’ sites.

3 Resonance behavior

The resonance behavior is a key feature, as discussed above, and we want to highlight a further
aspect: The resonance behavior supports a first peak assignment in the RIXS spectra, a central
task in spectroscopy. The Os L3z edge of the Mott-insulating 5d* antifluorite halide K;OsClg
provides a transparent example [45]. The crystal structure hosts well-separated OsClg octahe-
dra, see Fig. 2a), giving rise to well-localized excitations with narrow line widths and thus a
particularly clear picture. Figure 2b) shows RIXS spectra for two incident energies F;,. These
spectra are equivalent to cuts through the resonance map shown in Fig. 2c), a color plot being
built from RIXS spectra for a series of incident energies across the Os L3 edge. For all observed
peaks, the energy loss Ejoss = Fin— Eoy 18 independent of F;,, demonstrating the excitonic RIXS
character of these features with a well-defined excitation energy. This is analogous to Raman
scattering with visible light, where the matrix elements depend on the laser frequency but the
energy of the Raman peaks does not. This must be distinguished from a fluorescence process in
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which the energy loss increases with Ej,. Consider, e.g., the excitation of an unbound electron-
hole pair in a scenario of non-interacting electrons. The core electron may be promoted into a
delocalized band state, while the core hole is filled by the decay of an electron from the bottom
of the band. In this case, an increase of Ej, puts the excited electron in a higher-lying band
state, while the emission process from the bottom of the band always yields the same energy for
the outgoing photons, i.e., the energy loss increases with Ei,. In contrast, in a RIXS process,
the energy E,, of the emitted photon increases along with £, reflecting the constant energy
loss Eyss = Fin— Eoy independent of the incident photon energy for a well-defined excitonic
excitation such as an on-site orbital d-d excitation or a spin flip.

The data in Fig. 2 reveal a dramatic enhancement of the RIXS signal for incident energies
around 10.870 to 10.874 keV. For £, as large as roughly 10* eV, it is stunning that the enhance-
ment is restricted to a window of Ej, of only a few eV, see Fig. 2d). The width of the resonance
profile reflects the life time of the intermediate state. For 5d L edges in the hard x-ray regime,
this life time is of the order of a few femtoseconds only. Note that 3d L edges in the soft x-ray
range below 1 keV show longer life times and thus even narrower resonance profiles.

Typical for 5d transition-metal L3 edges, K;OsClg shows two distinct resonance energies that
correspond to t5, and e, resonance. In the absorption step, the 2p core electron can be promoted
to a ty, or an e, orbital of the valence d shell, assuming that both subshells contain empty states.
In K50sClg, the two resonance energies equal 10.870keV and 10.8735keV. The difference
of 3.5eV provides a rough estimate of the cubic crystal-field splitting 10 Dg. We emphasize
that the resonance behavior allows for a first peak assignment, i.e., it allows us to distinguish
intra-t,, excitations from d-d excitations to e, orbitals and charge-transfer excitations.

The RIXS peaks below 2eV show i, resonance, identifying them as intra-t,, excitations
|t5,) — |t3;), see Sec. 4. In cubic symmetry, they are governed by Hund’s coupling .J;; and
spin-orbit coupling ¢, see Sec. 4. Crystal-field or d-d excitations to e, orbitals are described by
|t3,) — |t3, e5) in K50sClg. These additionally involve the cubic crystal-field splitting 10 Dq,
which above has been estimated as 3.5eV. Accordingly, excitations to e, orbitals resonate at
a higher Ei, and show larger energy loss, here 2.7 to 4.6V, see Fig. 2. Remarkably, ¢, res-
onance is also observed at higher energy loss, e.g., at 4.6 and 5.7 eV. This marks the onset of
charge-transfer excitations from Cl 3p to Os 5d states, |5d¢, 3pl,) — [5d2,.3p2,). The resonance
behavior allows us to distinguish [t3, 3p¢,) final states from |t3, e} 3pg,) excitations showing e,
resonance, e.g., at 8.0 eV loss. The narrow line widths of the RIXS peaks of K,OsClg reveal the
distinct ?5, and e, resonance behavior of the charge-transfer excitations particularly well.

4 Studying local multiplets of Mott insulators with RIXS

4.1 Cubic multiplets, Hund’s coupling, and strong spin-orbit coupling

In Mott insulators, electronic correlations dominate over the kinetic energy gained upon band
formation and delocalization. This yields local spin and orbital degrees of freedom, a vast
playground for quantum magnetism. In transition-metal compounds with a partially filled d
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% # states multiplets multiplet energies excitations

1 6 27, 0 -
2 15=9+4342+1 3Ty, 'T/'E, A, U—zJy (t= —3,-1,2)  2Ju, 5]y
3 20=4+6+446 *4,, 2T} /2E, *T) 3U—aJy (1=-9,—6,—4)  3Jy, 5]y
4 15=943+2+41 3Ty, 'Iy/'E, A,  6U—xJy (x=—13,—11,-8) 2Jy, 5Jy
5 6 2T, 10U —20.15 -

Table 1: Overview of local t3, multiplets for n =1 to 5 in cubic symmetry [46—48]. The second
and third columns give the number of states and the multiplet terms. The dash in, e.g., Ty /*E
denotes degenerate states. Multiplet energies are given in the same order as the terms. The
prefactor of U counts the number of electron pairs, while the prefactor of Jy depends on the
orbital occupation. The last column gives the corresponding energies of on-site excitations.

shell, the character of the local magnetic moment depends on the electron count but also on
Coulomb repulsion, spin-orbit coupling, and crystal-field effects. RIXS directly measures the
local multiplet structure, offering a quantitative determination of the electronic parameters and
thus the character of the local moments.

To warm up, we consider a single 5d transition-metal site and focus on Coulomb interactions in
cubic symmetry, while we neglect spin-orbit coupling, non-cubic crystal field, and hybridization
with the ligands. The large spatial extent of the 5d orbitals produces a large cubic crystal-
field splitting, 10 Dg > 3 eV, as shown above. This motivates the useful and often employed
starting point that assumes 10 Dg ~ oo (Kanamori model). It allows us to neglect e, orbitals,
restricting the discussion to intra-t,, excitations. For the 75, shell, one can quantify Coulomb
interactions by two parameters, Hubbard U and Hund’s coupling Jy [46—48]. In terms of
Coulomb repulsion, it is particularly costly to put two electrons into the same orbital, while it is
beneficial if two electrons occupy different orbitals with parallel spins. The corresponding on-
site energies are given in Table 1. The configurations ¢35, with n=2, 3, and 4 allow for on-site
intra-to, excitations between Hund’s multiplets. The excitation energies depend on Jy but not
on U since an on-site excitation changes the orbital occupation but not the local electron count.
We will focus on the competition of Hund’s coupling and strong-spin-orbit coupling in cubic
5d? and 5d* compounds.

Before discussing the results, we add a note on the value of .J;;. For the entire d shell, Coulomb
interactions are often parameterized by the Slater-Condon parameters F°, F2, and F** that cor-
respond to monopole, dipole, and quadrupole contributions.” In the ¢5,-only Kanamori model
discussed above, U and Jy are defined as (a comprehensive discussion can be found in [47])

4 36 3 20
U=F"+ _—_F24+ —Fp* Jy = —F?>4+ —_F*, 1
Tt Tt "= et T 1

However, if one considers the entire d shell including the e, orbitals in the model and the
analysis, i.e., for finite 10 Dg, one finds different expressions,

1
14

"Equivalently, one may employ the Racah parameters A=F0 — 224 p=_LF? — 5. p1 C=35 4

U; = FO, JH,d = (F2+F4) . 2)




Probing Correlations with RIXS 11.9

Typically, a fixed ratio F'*/F? is considered,® often F*/F? ~5/8. This yields

The numerical value of Hund’s coupling depends on the model used. A comparison of both
models has been reported for 5d* KyOsClg and 5d° KyReClg [45,49]. An analysis of the
RIXS data of K,OsClg that considers the entire 5d shell yields F?=3.7¢eV, I’ 1=22eV, and
Ju,qa=0.43eV. Equation (3) predicts Jy ~0.33 €V, in reasonable agreement with an analysis
restricted to the ¢y, states, giving Jy ~0.28 eV [45] (see below). The t5,-only model may yield
reasonable results, but it is important to indicate the model to which one refers.

In recent years, the rich physics originating from strong spin-orbit coupling combined with
electronic correlations has attracted enormous interest [28, 50-54]. In 5d transition-metal com-
pounds, spin-orbit coupling is comparable to Hund’s coupling. Therefore, spin and orbital
degrees of freedom are strongly entangled, and the resulting effective total angular momentum
states differ qualitatively from conventional spin states. This is the basis for multipolar order
in 5d* and 5d? compounds [55], excitonic magnetism in 5d* and 4d* materials [56], and exper-
imental realizations of Kitaev-type bond-directional exchange interactions in, e.g., 5d° j=1/2
compounds [20, 57, 58]. In passing, we note that 5d° j=1 /2 KyIrClg has been discussed as a
nodal-line spin liquid [59] and as an example for the entanglement not only between spins and
orbitals but also with lattice degrees of freedom [36, 60]. Below, we address 5d* K50sClg, pro-
viding an exceptionally clean realization of the non-magnetic /=0 state induced by strong spin-
orbit coupling, and the effect of spin-orbit coupling on a half-filled shell in 5d> K,ReClg [45,49].

4.2 5d* configuration: Non-magnetic J=0 K,OsClg

Excellent model systems for spin-orbit-entangled quantum states can be found in the Mott-
insulating antifluorite transition-metal halides A;M Xg with KoPtClg-type structure. These
compounds exist for a wide variety of tetravalent metal ions (M =Pt, Re, Os, and Ir, etc.)
for A=K, Rb, Cs, or (NH),, and X =F, Cl, Br, and I. The isolated M X octahedra (see
Fig. 2a)) suppress direct metal-metal hopping and thereby favor localized behavior. This struc-
tural simplicity facilitates a direct comparison between experimental spectra and atomic mul-
tiplet calculations. Furthermore, at room temperature these compounds show a cubic crystal
structure [61-63], allowing us to focus on the interplay of Hund’s coupling Jz and spin-orbit
coupling ¢ for the case where the two coupling constants are comparable in size. This inter-
mediate regime is located between the LS coupling limit realized for (/Jy — 0 and the jj
coupling regime’ that corresponds to ¢/ Jg — 0.

The t;‘g configuration has attracted considerable interest in the context of excitonic magnetism
[56, 64]. Starting from a local non-magnetic .J =0 ground state, strong exchange interactions
between neighboring sites may cause a sizable dispersion of the ./ = 1 excited state such that this

8 Another common choice is Racah C'/ B =4, equivalent to F'*/F? =36/55.

In LS coupling, the total angular momentum .J of an ion is calculated by coupling the total spin S and the
total angular momentum L, where both .S and L are obtained by summing over the electrons. In contrast, in jj
coupling, ! and s of each electron are first coupled to j before J is calculated by summing over the electrons.
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Fig. 3: Intra-t,, excitations of K;OsClg. a) RIXS spectra at selected q points show local ex-
citations at 0.34, 0.61, and 1.31 eV with negligible q dependence [45]. Dashed: peak energies
at the X point. A fourth peak has been detected at 2.1 eV [45]. The elastic line is weak since a
scattering angle 20 close to 90° has been used along with incident m polarization. Full suppres-
sion of the elastic line is achieved for 20 = 90° (dark blue), in which case the polarization of the
scattered x-rays is perpendicular to the incident T polarization. The data, plotted with a verti-
cal offset, have been collected at 20 K in the tetragonal phase. The energy resolution of 63 meV
is not sufficient to resolve the non-cubic splitting of 4 meV observed in infrared data [45]. b)
Effect of spin-orbit coupling on the excitation energies E(1) to E(4) in the toz-only Kanamori
model. Dashed: experimental results assuming Jy =0.28 eV. c) Ratios of excitation energies
E(n)/E(1) as a function of (/ Jy. Dashed: experimental values. Grey: (/Jy =1.20-1.33.

magnetic state may condense, yielding a magnetic ground state. The key signature of excitonic
magnetism is a magnetic amplitude mode equivalent to a Higgs mode that has been discussed
for antiferromagnetic Ca;RuO, [56,65]. However, layered Ca;RuO, shows a sizable non-cubic
crystal-field splitting Acp larger than (. Therefore, the magnetism of tég CayRuQy can also be
described using a low-energy S =1 model with anisotropy, and the pros and cons of the two
approaches, starting from J =0 or S =1, have been discussed extensively [48, 65-70].

For K,0sClg, Fig. 3a) shows the low-energy RIXS spectra for selected q points [45]. An energy
resolution 0 £ =63 meV has been achieved at the Os L3 edge, i.e., dE/FE;, ~ 6- 1076, The
spectra show intra-t, excitations at about 0.34, 0.61, and 1.31 eV. Note that the error bar of the
energy of a well-separated peak is smaller than ) /. Within the experimental resolution, the peak
energies do not depend on the transferred momentum q. The absence of dispersion underpins
the local character of these excitations. The excitation energies agree very well with the results
obtained from infrared spectroscopy for q ~ 0 [45]. A further RIXS peak has been observed at
2.1eV [45]. This intra-to, mode is another example of the important role of selection rules [71].
Its RIXS intensity vanishes for a scattering angle of 90°, which is often chosen experimentally
to suppress the contribution of the elastic line at zero energy loss, see Fig. 3a).

Above we have discussed the limit of 10 Dq = co with spin-orbit coupling { =0. The neglect of
the e, orbitals can be motivated by the large value of 10 Dg~ 3.5¢V and by the resonance be-
havior, see Sec. 3. For the tég configuration, Coulomb interactions yield a nine-fold degenerate
3Ty ground state and excited states at 2.y and 5., see Table 1. However, the experimental
data show more than two peaks as spin-orbit coupling splits the 37} multiplet into the .J =0
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ground state, the J =1 triplet, and the J = 2 quintuplet. The five tég energies are given by [72]

5 2¢  (3¢\| ¢
Ejcoyin = ody 151422 4 (25) | =2 4
J=0/14, 2JH :F\/ +5JH+<5JH) 5 “4)
Ejy = —g (5)
2 1 3 2
Ej—z)0m)E) = §JH 1F \/1 - 5% + (ZJ%) + % : (6)

The corresponding excitation energies £(1) to E(4), relative to F;—, are depicted in Fig. 3b)
as a function of (/.Jy. Fitting the four intra-t,, excitation energies observed in RIXS yields
Jg~0.28¢eV and (/Jg ~1.45. The dashed lines in Fig. 3b) indicate the experimental peak
energies for J; =0.28¢eV. These results firmly establish that KoOsClg is located in the inter-
mediate regime between LS coupling and jj coupling.

This claim is supported by the ratios £(n)/E(1) for n =2 to 4, which yield {/Jy = 1.20-1.33,
see Fig. 3c). A discussion of relative excitation energies may be favorable for comparison
with other d* compounds. We focus on the ratio £(2)/F(1). For (/Jg — 0 (LS coupling),
one finds F(1)~0.5¢ and F(2)~1.5¢, see Eqgs. (4) to (6). For (/Jy — oo (jj coupling),
E(1)~ E(2)~1.5¢. The ratio £(2)/E(1) changes from 3 to 1 between the two limits, see
Fig. 3¢). In KyOsClg, E(2)/FE(1)~ 1.8 marks the intermediate regime. RIXS results on 5d*
iridates [73-76] show very similar ratios F£(2)/E(1), pointing to similar values of {/Jy.

The t5,-only Kanamori model offers a reasonable description of the intra-t,, excitation energies.
With the assumption 10 Dq = oo, it is not surprising that the agreement with the experimental
data is not perfect. Taking into account the e, orbitals with finite 10 Dgq has clear consequences:
it lifts the degeneracy of the .J = 2 quintuplet as well as the degeneracy of the T3 and ! E multi-
plets [45]. For J = 2, the effect is too small to be resolved in our RIXS data. Regarding 75 and
IF, the RIXS peak at 1.31 eV exhibits an asymmetric line shape with a high-energy shoulder, see
Fig. 3a). Infrared data of K;OsClg confirm a peak splitting [45]. A combined analysis of RIXS
and infrared data considering the entire d shell yields (;=0.34¢eV and Jy ,=0.43 ¢V, equiva-
lent to {4/ Jp 4~ 0.8 [45]. The different definitions of .J;; and .J; 4 have been discussed above,
see Egs. (1) and (2). We emphasize that the choice of the model also affects the value of the
spin-orbit coupling constant, ( # (;. Beyond the degeneracies discussed above, the Kanamori
model and a model considering the entire d shell achieve a similar level of agreement with the
intra-t, excitation energies observed in 5d* K,OsClg [45]. However, the analytic expressions
of the energies in the Kanamori model, see Eqs. (4)—(6), simplify the analysis considerably.

4.3 5d? K,ReClg: spin-orbit coupling in a half-filled shell

The role of spin-orbit coupling in the case of a half-filled ¢5, shell is an interesting conceptual
question. In the LS coupling limit, the three electrons maximize the total spin according to
Hund’s rule, giving rise to a spin-only S = 3/2 scenario with quenched orbital momentum. Based
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Fig. 4: RIXS spectra of cubic 5d® K,ReClg [49]. a) The data have been measured at 300 K
with 295 meV resolution for incident energy E;, = 10.534 keV (to, resonance) and 10.5375 keV
(e4 resonance). Intra-ty, peaks are observed at 1.0 and 1.8 eV, while excitations to e, states
are peaking at 3.3eV. b) Comparison of RIXS data (red) with a simulated spectrum (black)
calculated for 10 Dg = 3.25 eV, (4 =290meV, and Jy 4 = 464 meV. Solid: Voigt oscillators with
10meV line width. Dashed: same data with larger line width.

on the equal occupation of the three t,, orbitals, a distortion does not lower the energy. This
spin-only scenario describes, e.g., the gapless magnetic excitations reported for 4d*® CazLiRuQOg
[77]. Streltsov and Khomskii [53] pointed out that this well-known scenario breaks down for
large (/Jy in the jj coupling limit. For (/Jy — 0o, the electrons occupy states with j =3/2
and 1/2 character. The half-filled ¢, shell corresponds to a 3/4-filled j = 3/2 quartet, allowing
for a Jahn-Teller splitting of the tgg configuration [53], in stark contrast to the spin-only S =3/2
scenario. It is intriguing to consider how the many-body states evolve as a function of (. In the
intermediate-coupling regime, the entanglement of spin and orbital angular momenta gives rise
to anisotropy and the opening of a spin gap. In fact, sizable spin gaps have been reported
for, e.g., 5d® Ca3LiOsOg and Ba; YOsOg [78-81], which have been discussed in terms of a
spin-orbit-entangled J =3/2 state [82]. Antifluorite KoReClg is an ideal model system for
examining the competition of strong spin-orbit coupling and Hund’s coupling in a cubic crystal
field with only small interactions between adjacent sites.

Thus far, RIXS at the Re L3 edge has hardly been studied. The resonant character of RIXS
is a major experimental challenge because the setup has to be optimized for every absorption
edge to be studied. For hard x-rays, this affects in particular the energy resolution 6 £/ as one
has to choose an analyzer crystal with an appropriate Bragg peak for energy discrimination.
Figure 4 shows RIXS spectra of cubic 5d* KyReClg with 6 F =295 meV for incident energies
that correspond to ¢y, resonance and e, resonance, respectively [49].

Equivalent to the case of 5d* K,OsClg, cf. Fig. 2, the resonance behavior of 5d° KyReClg
reveals the intra-t,, character of the RIXS peaks at 1.0 and 1.8 eV, strong excitations from |¢3 »

to |t%ge;> around 3.5 eV, and charge-transfer excitations from the ligand CI p shell to either Re
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Fig. 5: Intra-t,, excitations in the optical conductivity o (w) of 5d® KoReClg. RIXS shows
two peaks at 1.0 and 1.8 eV, cf. Fig. 4. The infrared data resolve all five on-site d-d excitations
between 0.9 and 2 eV (arrows). In o1(w), the d-d exitations are both parity forbidden and spin
forbidden but acquire a small spectral weight in a phonon-assisted process with a characteristic
temperature dependence. The rich line shape is caused by vibronic sidebands, i.e., electron-
phonon coupling. These weak absorption features can only be detected below the Mott gap, the
onset of which is observed at 2.7 eV at low temperature. The even weaker peaks between 2.0
and 2.3 eV correspond to pair excitations of intra-ty, excitations on neighboring sites [49].

tag Or e, orbitals above 5eV. Based on Coulomb interactions, assuming 10 Dg = oo and ( =0,
one expects a S =3/2 A, ground state and intra-to, excitations at 3Jy and 5Jy, see Table 1.
Assuming ( =0, the excitation energies 1.0 and 1.8 eV suggest Jy ~0.35eV. Both spin-orbit
coupling and finite 10 Dq yield a peak splitting that we cannot resolve in RIXS with 295 meV
resolution, see Fig. 4b). Four RIXS peaks have been reported in 5d* Ca3LiOsOg and Ba; YOsOg
with 0 E =150 meV [82]. Infrared data of K;ReClg resolve all five intra-ty, excitations [49].

For the study of local d-d excitations, RIXS and infrared spectroscopy are complementary in
terms of selection rules and energy resolution [49]. On-site d-d excitations are allowed in L-
edge RIXS [1], see Fig. 1. In contrast, infrared absorption is predominantly sensitive to electric
dipole excitations such as inter-site excitations across the Mott gap. In the presence of inver-
sion symmetry, d-d excitations are parity forbidden in optical spectroscopy. However, a finite
matrix element arises in a phonon-assisted process, where inversion symmetry is broken by
the simultaneous creation or annihilation of an odd-symmetry phonon. This gives rise to weak
phonon-assisted d-d excitations [36, 45,49, 83, 84]. Note that the peak energies in RIXS and
optical data are shifted by the phonon energy, and that the phonon-assisted nature of the process
leaves its fingerprints in a characteristic temperature dependence of the spectral weight and line
shape of the optical data. In KyReClg, the spectral weight in infrared data is further suppressed
by the spin-selection rule, which can be relaxed by spin-orbit coupling.

Weak phonon-assisted d-d excitations can be detected in infrared transmittance measurements
on single crystals. This requires that the weak excitations are located in a transparent frequency
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Fig. 6: Energies for the d® configuration in cubic symmetry [49]. a) Absolute energies of
the tgg states in the Kanamori model for 10Dq= oo, see Eq. (7). Spin-orbit coupling mixes
the states plotted with solid lines, giving rise to in total four excitation energies relative to the
ground state. The energies are shown from (/Jg =0 — oo. Note the change of scale of both
axes. Blue symbols show the experimental result for  / Jg = 0.82 with Jy = 343 meV. Numbers
in the right panel denote the degeneracy. b) Energy level diagram including e, states for finite
10Dq. The panels show the excitation energies upon consecutively switching on the cubic
crystal-field splitting 10Dq, Hund’s coupling Jy 4, and spin-orbit coupling (4. The energies
have been calculated using QUANTY [88, 89]. Blue symbols depict the experimental results for
the five intra-ty, excitation energies and the ty4-to-e4 RIXS peak at 3.3 V.

range with no strong absorption features, e.g., between the phonons and the Mott gap. In this
range, infrared data of KoReClg reveal five phonon-assisted absorption bands with a multitude
of vibronic phonon sidebands,'” see Fig. 5. These phonon sidebands must be distinguished
from the symmetry-breaking phonon mode of the phonon-assisted process. For KoReClg, a
thorough analysis yields the five electronic excitation energies 948, 1107, 1164, 1723, and
1901 meV [49], resolving the splitting of the RIXS peaks observed at 1.0 and 1.8 eV.

We start from the ¢5,-only Kanamori model with 10 Dg = oo in cubic symmetry, which describes
four of the five excitation energies. The Kanamori model fails to capture the distinct energies of
the two states at 1107 and 1164 meV. The eigenstates for finite ¢ are described by comparably
simple analytic expressions [49, 85,86]. The absolute energies F/(i) for i =0 to 4 are plotted in
Fig. 6a) and in ascending order are given by (for n € {0, 1,2}) [49]

E0) = Ey, E(1)=E;, EQ2)=3Jy, E@)=E, E(4)=5/n, (7)
E 1 4(284—372 2
J—gzg—g-cos karccos(%)—l—%rg} ) T:2\/19+3<;%) .

The four excitation energies result after subtracting the ground-state energy F/(0). Finite ( splits
the excitations at 3./ and 5./ . For intermediate coupling with { /.Jy = 1, this splitting is of the

19Tn -edge RIXS, such vibronic sidebands have been resolved in 5d° KIrClg [36].
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order of (/2. In the limit of jj coupling, the ground state shows all three electrons in j =3/2
states, and one can excite one or two electrons to j =1/2 with respective excitation energies
3¢/2 and 3¢. Reasonable agreement between experiment and Kanamori model is obtained for
¢/Jg ~ 0.8 with Jy =343 meV [49], see blue symbols in Fig. 6a). We conclude that KoReClg
is in the intermediate-coupling regime, similar to KoOsClg. Spin-orbit coupling ( is sizable but
not large enough for a description in terms of jj coupling.

Spin-orbit coupling mainly mixes the Jahn-Teller-active 275 multiplet into the ground state.
However, the admixture increases only oc ((/Jy)?. A significant Jahn-Teller effect requires
strong spin-orbit coupling ¢/Jy = 1.5 [53]. In KyReClg with {/Jy = 0.8, the expectation value
(L)~ (1/25)(¢/Jw)* =~ 0.027 is still very small and more than 97 % of the ground-state weight
is contributed by the S = 3/2 A, multiplet [49]. This agrees with a Curie-Weiss analysis of the
magnetic susceptibility [87], which finds an effective magnetic moment pi.¢ ~ 3.81 pup that is
close to the value QM pp =~ 3.87 g expected for a S =3/2 compound.

For the excitation energies, the agreement between experiment and theory can be improved by
considering the entire 5d shell, including the e, orbitals. This in particular explains the peak
splitting around 1.1 eV. In KyReClg, infrared spectroscopy detects the intra-t, excitations with
high accuracy, but it cannot resolve the on-site d-d excitations to e, states with energies above
the Mott gap, see Fig. 5. However, the ¢y -to-¢, excitations give a strong peak at 3.3eV in
RIXS. The combination of RIXS and optical spectroscopy is a most powerful tool for studying
multiplets in Mott insulators. Together, these techniques provide a comprehensive picture of
the electronic structure, enabling quantitative extraction of microscopic parameters. Figure 6b)
gives the on-site d° excitation energies for a model for the entire d shell. The first panel depicts
the effect of the cubic crystal field, 10 Dq, and the second panel shows the splitting of the
cubic multiplets by Coulomb interactions. The ?E and 2T} multiplets are degenerate in the
Kanamori model, but this degeneracy is lifted by finite 10 Dg even for ( =0. The third panel
shows the effect of spin-orbit coupling, which finally yields five intra-f,, excitation energies.
A fit of the five experimental intra-t,, excitation energies and of the energy of the RIXS peak
at 3.3¢eV yields 10Dg=3.25¢V, (4 =290meV, and Jy 4 =464 meV (with F?=3.93eV and
F*/F? =36/55), see symbols in Fig. 6b). For these parameters, a RIXS spectrum calculated
with QUANTY [88, 89], using the experimental resolution 295 meV, agrees very well with the
experimental data, see Fig. 4b).

5 Cluster Mott insulators

We now switch from conventional Mott insulators to Mott-insulating materials with lattices con-
taining small clusters such as dimers, trimers, or tetramers. Cluster Mott insulators are a novel
class of transition-metal compounds in which electrons are delocalized over, e.g., individual
dimers due to strong intra-cluster hopping ¢ [28, 90-97], cf. Figs. 7a) and 8a). Intra-cluster
hopping dominates over Coulomb repulsion, but Coulomb wins against inter-cluster hopping.
A set of dimers with one orbital per site is the most simple example. In the limit of large intra-
dimer hopping, quasimolecular bonding and antibonding orbitals are formed. With, e.g., one
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electron per dimer, the lattice of dimers hosts a half-filled band of bonding orbitals. A cluster
Mott insulator may arise for sufficiently small inter-dimer hopping such that Coulomb repulsion
suppresses inter-cluster charge fluctuations.

In Sec. 4, we addressed conventional Mott insulators and discussed how the electronic multi-
plets depend on the competition of Hund’s coupling and spin-orbit coupling. In a Mott insulator,
virtual inter-site hopping processes yield exchange interactions. In a cluster Mott insulator, the
“local” physics is much richer. One may hope that this is also valid for the exchange couplings
generated by inter-cluster hopping. In, e.g., iridate dimers, the magnetic moments were pre-
dicted to be anisotropic and temperature dependent due to the existence of low-energy electronic
states [98]. In general, the quasimolecular magnetic moments are determined by Coulomb inter-
actions, spin-orbit coupling, crystal fields, and intra-cluster hopping. This yields a multitude of
cluster states with the possibility of tuning the character of the magnetic moments [91,92,94],
as discussed below. The ultimate goal of such tuning is to engineer the interactions between
quasimolecular moments to realize novel magnetic phases such as quantum spin liquids.

For a dimer in the limit of strong hopping, the electrons are delocalized in (anti-)bonding or-
bitals. However, also the conventional Mott limit can be realized on a dimer, with electrons
that are localized on individual sites experiencing exchange coupling. This limit requires strong
electronic correlations dominating over intra-cluster hopping. RIXS is well suited to distinguish
these two limits and demonstrate the quasimolecular electronic structure of cluster Mott insu-
lators [90-94,99-101]. Moreover, RIXS can quantify the competition of hopping, correlations,
spin-orbit coupling, and crystal-field splitting, even in the intriguing crossover regime when
both hopping and correlations are relevant [94].

5.1 RIXS interferometry

For an intuitive picture, we start from non-resonant elastic x-ray scattering, a standard tool for
studying the crystal structure. Bragg peaks result from interference of the scattered x-rays, i.e.,
from a coherent sum over scattering events on all lattice sites. Now consider resonant elastic
scattering. For an incident photon energy at, e.g., the Ir L edge, the signal mainly stems from
scattering on Ir ions and, to good approximation, can be derived by coherently summing over Ir
sites only. In RIXS, resonant inelastic scattering, we have to coherently sum all the paths that
lead from the ground state |0) to a given excited state | f). If this excited state is delocalized over
— and restricted to — a dimer, the corresponding scattering events can occur only on the two Ir
sites of this dimer. More precisely, at the Ir L edge, the intermediate state shows a 2p core hole
(cf. Fig. 1) on either of the two Ir sites. Summing coherently over the corresponding scattering
events yields two-beam interference of the scattered x-rays, see Fig. 7c), causing a sinusoidal
intensity modulation /(q) that is equivalent to an inelastic incarnation of Young’s double-slit
experiment. For dimers, sinusoidal modulation of the RIXS intensity was predicted in the mid
90’s [99, 100] and observed in 2019 [90]. At the L edge, the two “slits” effectively correspond
to Ir 2p core levels that are involved in the intermediate state of the RIXS process. With a size
of a few picometers, they can be considered as nearly point-like, providing a nearly constant
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Fig. 7: RIXS on the two-hole dimer BaszCelr,Og [90]. a) Crystal structure of BasCelrsOq
with dimers built from face-sharing IrOg octahedra. The intra-dimer Ir-Ir distance is given
by d. b) Ls-edge RIXS spectra at selected q points, measured at 20 K with 27 meV resolution.
The peak intensities vary strongly with . The strong intensity of the elastic line at (0 0 11.6)
(light blue) reflects a scattering angle far away from 90°. c) Two-beam interference for RIXS on
a dimer. d) Integrated intensities of the three RIXS peaks for a wide range of q., the component
of q parallel to the dimer axis. The top (bottom) axis shows q. in units of 27 /c (lo =27 /d). The
two peaks below 1.1V agree with sin®(q.d/2) behavior, the third peak predominantly shows
cos®(q.d/2) modulation, cf. Eq. (10).

envelope for the intensity modulation.!! This is important since it allows us to study the RIXS
interference pattern over a very large range of q, e.g., 20 Brillouin zones in Fig. 7d). We call
this approach RIXS interferometry.

For a single dimer, the RIXS intensity for excitation from the ground state |0) to an excited state
| f) with the excitation energy hwy is given by

I(q,w) = |Af(q)|* 0(w—wy), (8)

where'? A;(q) is the coherent sum of the amplitudes of all possible scattering processes on the
two dimer sites giving rise to the excitation |f). This sum is the source of the interference.
In a crystal, any dimer may be excited. In the total RIXS intensity, this yields an incoherent
sum over all dimers, summing the intensities (not the amplitudes) of all dimers. A cluster
shows discrete excitation energies without dispersion. Nevertheless, the RIXS intensity strongly
depends on q. Calculating the amplitude A¢(q) is significantly simplified in the fast-collision
approximation [1], which in the hard x-ray range is often appropriate for direct RIXS processes
due to the very short core-hole lifetime of only a few femtoseconds. In this case, the amplitude
can be split into a resonant prefactor and the dynamical structure factor S(q,wy). For constant
incident energy, the former can be neglected. In the dipole approximation, this yields [1]

Ag(a) ~ (f] Y ¢ [D(eq)Dlen)] g [ 0) 9

"This is similar to neutron scattering on nuclei. In contrast, the form factor for magnetic neutron scattering
depends on the more extended magnetization density, so that the intensity is suppressed with increasing q.
12The amplitude also depends on the incident energy and the polarizations of incident and scattered photons [1].
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where R runs over all sites over which the final state | f) is delocalized, D denotes the local
dipole transition operator, and €;, and €, give the polarization of incident and scattered photons,
respectively. For simplicity, we consider a dimer with R; »=(0, 0, £d/2), i.e., Ir-Ir distance d.
In the presence of inversion symmetry, the eigenstates show either even or odd parity, and the
dipole matrix elements on the two sites may only differ by sign. The coherent sum over resonant
scattering processes on the two dimer sites yields

I,.(q) ~ (eiqR1+eiqR2)2 ~ COSQ(ch/Q), I (q)~ (ei‘]‘RI—eiqu)2 ~ sinQ(ch/Q), (10)

where ¢. denotes the 2 component of q parallel to the dimer axis, while I, (I_) applies to ex-
citations that preserve (flip) parity. The g-dependent RIXS intensity thus contains a structural
fingerprint of the cluster, here the intra-dimer distance d. Moreover, important information on
the symmetry and character of the electronic states is encoded in the cos?(g.d/2) vs. sin®(q.d/2)
behavior. The original elastic version of Young’s double-slit experiment shows the 7 (q) modu-
lation since the final state and initial state are identical. In contrast, in RIXS an excitation from,
e.g., an even-parity bonding state to an odd-parity anti-bonding state is described by I_(q),
essentially providing information on the relative phase of the wavefunction on the two sites.

In summary, the interference pattern directly probes the wave function of cluster Mott insulators
and carries information on the symmetry and character of the quasimolecular electronic states
[90-95]. It is straightforward to extend the concept to larger clusters such as trimers [93] (see
below) or tetrahedra [92]. Related studies of modulated RIXS intensities have been reported
for, e.g., homonuclear diatomic molecules such as O [5, 102], the magnetic excitations of the
van der Waals ferromagnet Fe, 75GeTe, [103], and in the context of witnessing entanglement
[104, 105]. A sinusoidal intensity modulation can also be observed for magnetic excitations
when magnetic correlations along a given direction are restricted to pairs of nearest neighbors,
e.g., in bilayers [106, 107] or Kitaev materials [20].

5.2 Face-sharing 5d iridates: dimers, trimers, and disorder phenomena

A cluster Mott insulator is based on strong intra-cluster hopping. This is realized in, e.g., 5d
transition-metal compounds with M Og octahedra in face-sharing geometry found in the large
family of hexagonal perovskites [108]. In, e.g., BazCelr,Oy, the intra-dimer Ir-Ir distance d
is about 2.5 A, see Fig. 7a), shorter than in Ir metal. The analysis of our RIXS data yields
direct hopping of the order of 1eV [90]. An attractive feature of the family of 6/ -perovskites
Bas MIryOy is that it allows for M ions with different valence, e.g., Ta>*, Ce**, In3*, or Ca?*.
Thus, iridate dimers can be realized with one to four ¢y, holes and different magnetic moments.
Related dimers with even larger ¢, hole counts exist, e.g., in the 4d ruthenates Baz //RuyOy.

The non-magnetic dimer compound BazCelr,Og hosts Ir** ions. The Ir** ¢5 , configuration with
a single ¢, hole per site is well known for the formation of local spin-orbit-entangled j =1/2
moments. In a Mott picture, the non-magnetic character would result from strong antiferromag-
netic exchange within a dimer, causing a singlet ground state. In a cluster Mott scenario, the two
holes fill a bonding orbital, see Fig. 8b). Spectroscopic measurements can tell the difference. In



Probing Correlations with RIXS 11.19

Ls-edge RIXS, the j =1/2 moments have a clear fingerprint: the excitation to j =3/2 at 1.5,
about 0.6 to 0.7eV. The three-peak structure of the RIXS spectra of BasCelr,Oy is clearly
different, see Fig. 7b), pointing to a cluster Mott picture. Indeed, the q dependence firmly es-
tablishes the quasimolecular character. The RIXS peaks do not show a dispersion, but their
intensity strongly depends on q. Figure 7d) shows the integrated intensities I(q.) of the three
RIXS peaks over a very wide range of ¢., spanning roughly 20 Brillouin zones. The period of
the interference pattern equals 27 /d, being incommensurate with the size of the Brillouin zone
27 /c. The two peaks below about 1.1 eV reveal a sin®(q.d/2) behavior, while the third peak at
1.2¢eV is of cos?(q.d/2) type. This pinpoints the electrons (or holes) being delocalized over a
given dimer and provides valuable information on the character of the excitations.

A dimer built from face-sharing IrOg octahedra shows mirror symmetry but breaks inversion
symmetry. This mixes even- and odd-parity states such that the RIXS intensity for a single dimer
follows I(q.) o< [arsin(qed/2)+ 0 cos(q.d/2)]*. However, the crystal structure shows two dimer
orientations, rotated by 7 around the dimer axis, see Fig. 7a). Adding the RIXS intensities of the
two orientations yields T, (q.) o< [asin(g.d/2)]?+ |8 cos(g.d/2)]?, a sinusoidal modulation with
a finite offset [90]. The data demonstrate sinusoidal behavior over a very wide range of q with
only a small change of amplitude, i.e., with a slowly varying envelope. This reflects the nearly
point-like nature of the 2p core hole, as mentioned above. The envelope is hardly affected by
the negligible “slit width” but reflects polarization effects, since a change of ¢ requires a change
of the scattering geometry, see Fig. 1a). Thus, o and [ effectively vary with q.

Now we address the quantitative analysis. The dimer structure with a 3-fold rotation axis splits
the ¢, orbitals into the a1, and e} orbitals, see Fig. 8a), quantified by Ayig. Hopping is diagonal
in the a;4-€7 basis and forms the corresponding (anti-)bonding states, see top panel of Fig. 8b).
Assuming that strong hopping suppresses the role of spin-orbit coupling, the quasimolecular
ground state is approximated as a spin singlet with the two holes in the bonding a;, orbital. In
the opposite limit of strong spin-orbit coupling, we start from local j =1/2 and 3/2 states. In
this picture, hopping yields (anti-)bonding j states, see bottom panel of Fig. 8b). Note that hop-
ping is diagonal in the j basis for ¢, /ta,, = —1 but not for realistic ratios ter [tay, = —1/2. Still,
the ground state in this picture hosts both holes in a spin-orbit-entangled bonding orbital, J =0
instead of S = 0. The electronic parameters allow us to tell which of the two limits is closer to
reality. A thorough comparison of the RIXS data with model calculations — considering only
the 75, states — yields Loy, =1.1€V, te;; =—-0.5eV,U =1.0eV, Jy =0.3eV, spin-orbit coupling
¢=0.45¢eV, and the trigonal crystal-field splitting Ay, = —0.2eV [90]. This parameter set
quantifies the quasimolecular character. In the Mott limit with dominant Coulomb repulsion,
each dimer site carries one hole, and virtual hopping processes mediate exchange couplings.
With increasing hopping, states with the two holes on the same site are more and more mixed
into the ground state. In the quasimolecular limit of dominant hopping, the two holes occupy a
bonding orbital. In this limit, the ground state shows equal weights of states with one hole per
site or with double occupancy. For the parameters determined for BasCelr,Og, these weights are
plotted in the left panel of Fig. 8c) as a function of Z,,, (for fixed ber / ta;, = —0.45). The weight
of states with double occupancy already increases strongly for small ¢,,, and reaches more than
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Fig. 8: Quasimolecular electronic structure of a two-hole dimer [90]. a) ¢, orbitals in trig-
onal symmetry: ay, and ej orbitals. The color code depicts the phase. For face-sharing dimers,
hopping is diagonal in the ai4-ey basis. b) In the limit of large hopping, a non-interacting
picture is appropriate, where hopping forms bonding (red) and anti-bonding orbitals (blue).
Top: Neglecting spin-orbit coupling ¢, two holes occupy the bonding a4 orbital in the ground
state. Bottom: For strong (, the quasimolecular (anti-)bonding orbitals originate from spin-
orbit-entangled j states. This picture correctly describes the sin® vs. cos® interference pat-
terns of the three RIXS peaks (grey arrows, cf. Fig. 7), providing an intuitive picture of the
physics. c¢) Weights of contributions to the ground state wavefunction. Left: In the Mott limit
for tq,, — 0, each site hosts one hole (black). With increasing hopping, the contribution of
states with double occupancy increases (red). Both curves extrapolate to 50 % for t,,, — oo.
Dashed: t,,,=1.1¢€V, highlighting the quasimolecular character. Middle and right: Weights
for the two holes being either in the bonding j =1/2 orbital or in the bonding a,, orbital. The
latter dominates for t,,, 2, 2 eV or for small . For realistic parameters, the ground state is well
approximated by two holes occupying the bonding j =1/2 orbital. The plots use the parame-
ters found for BazCelr;Og (t,,, = 1.1€V, tew/ta1 —0.45, U=1.0eV, Jy=0.3¢eV,(=0.45¢€V,
Atrig=—0.2€V), scanning either ta,, OF C

40 % for realistic hopping. This provides a quantitative foundation for the quasimolecular de-
scription of BazCelr,Og and for using the single-particle-like pictures of (anti-)bonding orbitals
in Fig. 8b). Hopping is so large that correlations do not play a prominent role for a single dimer.
However, correlations still suppress inter-cluster charge fluctuations.

Comparing quasimolecular states of a;, and spin-orbit entangled j character, the latter provide
a better basis for an intuitive understanding. With ¢ ~ 0.4-0.5 eV, spin-orbit coupling is a deci-
sive factor even for large hopping. For the ground state, the middle and right panels of Fig. 8c)
plot the weights of states with double occupancy of the bonding a;, or bonding j=1/2 or-
bitals. In the limit of extreme intra-cluster hopping, the compound is a band insulator with a
filled band of bonding a,, states. However, for ¢,,, = 1.1 €V, the occupation of the bonding a,
orbital is reduced to roughly 20 %. In contrast, in the j basis, double occupancy of the bond-
ing j =1/2 orbital describes about 85 % of the ground state. Interestingly, the quasimolecular
j states already dominate for ¢ larger than 0.1 eV, see right panel of Fig. 8c). The scenario of
quasimolecular j states also provides an intuitive description of the observed ¢ dependence. The
two lowest RIXS peaks are assigned to excitations to bonding orbitals originating from j = 3/2
states. These are split by Ayi,, Ji, and the hopping ratio ter /ta,, 7 —1. In contrast, the third
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peak corresponds to the excitation to an anti-bonding state, see vertical grey arrows in Fig. 8b).
This agrees with the sin? modulation of the lower two peaks and the cos? behavior of the third.

Dimers with an odd number of holes: An odd number of holes yields a magnetic moment, un-
derscoring the important role of spin-orbit coupling. For different hole counts, phase diagrams
have been discussed as a function of ¢ and U (for fixed Jy/U) [98]. We restrict ourselves
to a brief discussion of the three-hole dimer compound BasInlr,Oyg. It exhibits persistent spin
dynamics down to 20 mK [109] and thus has been discussed as a promising spin-liquid can-
didate. A quantitative understanding of the magnetic moments is a prerequisite for discussing
magnetism. Using RIXS interferometry, the quasimolecular nature has been established for
BasInlryOg [91]. The central aspect is that, with three holes per dimer, the actual character of
the magnetic moments can be tuned via the size of hopping. In the ground state, two holes fill
the bonding j = 1/2 orbital but the orbital occupied by the third hole depends on the electronic
parameters. It occupies the anti-bonding j =1/2 orbital for small hopping, but the bonding
j = 3/2 orbital for larger hopping. The value of hopping thus determines the character of the
quasimolecular magnetic moment. The compound BasInlIr,Oy is found to be very close to this
phase transition, on the large-hopping side [91, 98]. This is a simple example for a highly
promising feature of cluster Mott insulators: in general, the magnetic moments may be tunable
via electronic parameters.

Disorder: Disorder may have an unusual effect on magnetism in cluster Mott insulators. Sub-
stituting a magnetic ion in, e.g., a dimer by a nonmagnetic one does not create a simple vacancy
but changes the magnetic moment of this dimer from quasimolecular to single-site type, which
also affects the exchange interactions. RIXS interferometry is very well suited to disentan-
gle the different local moments in a disordered system and to assign the excitations to differ-
ent transition-metal sites, as shown for BasgTis_,Ir,Og [95], see Fig. 9. The sister compound
BazCelr,Oy, discussed above, shows perfect cation ordering, with the Ir ions occupying the 4 f
sites and the much larger Ce ions the 2q sites. In BagTiz_,Ir,Og, a strong Ti-Ir site disorder is
caused by the comparable ionic radii of the Ir** and Ti** ions [110]. This allows for z different
from 2 with Ir and Ti ions randomly distributed over the 4f and 2a sites [95]. With strong
site disorder, the discussions of BagTis_,Ir,Og as a spin-liquid candidate [111-113] must be
reconsidered.

Counterintuitively, the average magnetic moment of BagTis_,Ir,Og decreases as the concen-
tration = of magnetic Ir** ions increases [112]. This can be rationalized via the coexistence
of non-magnetic quasimolecular Ir, dimers (see BazCelr,Og) and single-site Ir** j =1/2 mo-
ments, where the relative contribution of non-magnetic dimers increases with increasing z. For
small z, the Ir ions are diluted throughout the lattice. For x = 0.3, RIXS data show a narrow peak
at 0.57 eV, roughly 1.5 ¢, revealing the presence of individual 5d° Ir** sites, see Fig. 9a). This
so-called spin-orbit exciton corresponds to the local excitation from the j =1/2 ground state
to a j = 3/2 excited state, which has also been observed in KyIrClg [36] and many other 5d°
iridates. In BasTiz_,Ir,Og, the shoulder at 0.7 eV is caused by the non-cubic crystal field. For
large x = 1.5 or 1.8, the presence of dimers yields further RIXS features, but the narrow peak
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Fig. 9: Strong Ti-Ir site disorder in BazTis_,Ir,Og [95]. a)-c) RIXS spectra for x =0.3, 1.5,
and 1.8 at 20K. d) Integrated RIXS intensity for x =1.5. The corresponding energy ranges are
marked by arrows in b). We find three types of excitations: (i) The narrow peak of the spin-orbit
exciton is the hallmark feature for individual j = 1/2 sites. The RIXS intensity of this single-site
excitation does not depend on q but may show some polarization dependence (black dots in
d)). (ii) Quasimolecular face-sharing Iry dimers (4f sites) contribute broad peaks above 0.2 eV
with sinusoidal intensity modulation. (iii) Exchange-coupled Ir 2a-4f pairs yield a magnetic
excitation at 0.15 eV, which is revealed by the larger period of the interference pattern. e) Sketch
of the crystal structure, cf. Fig. 7a). Ti-Ir site disorder yields Ir ions on 2a sites (green) and Ti
ions on 4f dimer sites (dark blue). This produces 2a-4f pairs and single Ir'*™ j =1/2 moments.

of the spin-orbit exciton prevails, demonstrating that individual j =1/2 sites are still present.
For all z, the 0.57 eV peak does not show any q dependence, neither in excitation energy nor in
intensity, see Fig. 9a)-d), clearly establishing its local, single-site character.

The RIXS spectra reveal the crossover from predominant j = 1/2 sites for small = to mainly
dimers for x closer to 2. For x =1.5 and 1.8, the three broad RIXS peaks at about 0.35, 0.7,
and 0.95eV can be assigned to excitations on dimers. This is firmly established by the sinu-
soidal q dependence of the integrated RIXS intensity, see Fig. 9d). The lower two peaks show
sin?(g.d/2) behavior (blue and light blue), while a cos?(q.d/2) response is observed around
0.95eV (orange). This is fully equivalent with the results discussed for BagCelr,Og with RIXS
peaks at 0.7, 1.0, and 1.2eV. The reduced energy scale in BasTis_,Ir,Og roughly can be at-
tributed to the larger intra-dimer Ir-Ir distance d ~ 2.65 A [110] compared to 2.54 A for M =Ce.
A larger d yields a smaller bonding-antibonding splitting. Note that d = 2.65 A agrees with the
observed period of approximately 5.3x 27 /¢, see Fig. 9d).
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The power of RIXS interferometry to unravel disorder phenomena is most evident from the anal-
ysis of the weak feature at 0.15 eV found for large x. Its integrated RIXS intensity (green sym-
bols in Fig. 9d)) shows a sinusoidal two-site interference pattern. However, the period is about
17 % larger, corresponding to a distance of (2.264-0.03) A projected onto the ¢ axis. This agrees
with the projected distance of 2.22 A between the 2a and 4 f sites reported in x-ray diffraction at
300 K [110]. The interference pattern thus pinpoints the nature of the 0.15 eV peak. Induced by
Ti-Ir site disorder, it corresponds to a magnetic excitation of Ir pairs with one Ir ion on a 2a site
and one on a 4 f dimer site. The 2a and 4f sites are also displaced perpendicular to c, and the
assignment is corroborated by the observation of the corresponding intensity modulation for q
within the ab plane [95]. The excitation energy of 0.15 eV can be explained by considering two
j =1/2 moments with strong Heisenberg exchange via a 180° Ir-O-Ir bond, equivalent to the
case of square-lattice SryIrO, with magnon energies up to 0.2eV [8, 10]. Note the difference
between a pair of exchange-coupled local moments and quasimolecular orbitals. Compared to
face-sharing octahedra, hopping ¢ is much smaller for a 180° bond (corner-sharing geometry).
In this case, Coulomb repulsion U suppresses a quasimolecular character, giving rise to two
j =1/2 moments with exchange coupling J oc t?/U. In RIXS, the magnetic excitation of such
a spin pair also yields a two-site interference pattern. A stunning example of this has been found
for the magnetic excitations of the Kitaev-compound NayIrO3 with spin-spin correlations that
are restricted to two nearest-neighbor sites [20].

Trimers: Stacks of face-sharing M Og octahedra also yield linear trimers with large hopping,
see Fig. 10c). An example is BayAM30;5 with M =Mn, Ru, Rh, and Ir, where the valence of the
A ions controls the hole count [108,114—117]. Based on ab initio calculations, a transition from
localized electrons for 3d Mn to quasimolecular behavior for 5d Ir has been suggested [118].
However, the results reported for different compounds paint a vivid picture. Unconventional
behavior is found in 4d BayNb;_,Rus, 019, covering the range from a quantum spin liquid
to a heavy-fermion strange metal [114]. The three-hole trimer Ba,Ir;O;o has been claimed to
host a quantum spin liquid down to 0.2 K with a very large frustration parameter and spinon-
like excitations observed in RIXS [119, 120]. Interestingly, the discussion favors exchange-
coupled j =1/2 moments over a quasimolecular scenario. In contrast, for the three-hole trimer
Bas;Culr;O, a quasimolecular picture with covalency-driven collapse of spin-orbit coupling
has been claimed [121]. In fact, it has often been assumed that the role of spin-orbit coupling
is suppressed for large hopping. Also Ba;NbIr;O;» with nonmagnetic Nb°* ions and two s,
holes per Ir trimer has been discussed as a spin-liquid candidate [115-117]. With two holes
per three sites, it is hard to motivate a conventional Mott insulator. In a quasimolecular picture,
however, the two holes occupy a bonding orbital, giving rise to a non-magnetic ground state.

Trimers of face-sharing IrOg octahedra exhibit inversion symmetry. In a single-particle picture,
hopping yields bonding, non-bonding, and antibonding states, see Fig. 10a). Bonding and anti-
bonding states show even parity, but non-bonding states acquire a minus sign upon inversion.
The wavefunction of a non-bonding state has no weight on the central trimer site and opposite
phases on the two outer sites, see Fig. 10c), such that the energy of non-bonding orbitals is
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Fig. 10: Quasimolecular states of a linear trimer [93]. a) Absolute energies of electronic
states in a single-particle picture, calculated by exact diagonalization. The energies are given
as a function of la,, for tes [ta,, =-1/2 in the idealized case of cubic crystal field. Fort,, =0,
spin-orbit coupling yields j = 1/2 and 3/2 states split by 1.5 (. Hopping yields even-parity (anti-)
bonding states (blue) and odd-parity non-bonding states (orange). The finite splitting of the
bonding j = 3/2 states reflects that hopping is not diagonal in the j basis (also the antibonding
J =3/2 states are split). Still, a description in terms of j = 1/2 and 3/2 states provides a valid,
intuitive picture. Right panel: Calculated RIXS intensity for excitations from the bonding 7 = 1/2
state to all other levels. The interference patterns reveal the symmetry of the involved states, see
Eq. (11). b) Excitation energies for a two-hole trimer for ( = 0.43 eV, assuming octahedral site
symmetry. In the left panel, t,,, increases to 0.8 €V, as in a), such that the ground state shows
two holes in the bonding j = 1/2 orbital. For strong hopping, switching on the correlations has
only a minor effect (right panel). c) Left: Linear trimer of face-sharing IrOg octahedra. The
central Ir site is a center of inversion. Right: Simple example for (non-)bonding states in the
case of a1, orbitals, highlighting the essential symmetry properties.

independent of hopping. Evaluating Eq. (9) for a trimer, we find that the modulation pattern of
the RIXS intensity of a given excitation is sensitive to the parity of the states involved [93],

Lo(qe) ~ |a)*sin®(ged),  Iee(qe) ~ |B)? cos®(ged) + 7 cos(qed) + |67, (11)

where I, refers to excitations from even to odd or vice versa, flipping the inversion eigenvalue,
while /.. corresponds to excitations from even to even or from odd to odd, and ¢. denotes the
component of q parallel to the trimer axis. These expressions can be motivated intuitively and
also apply to the many-body case. An excitation from an even-parity bonding orbital to an odd-
parity non-bonding state has vanishing matrix elements on the central site. The RIXS process
has to be summed over the two outer sites with distance 2d. Together with the flip of parity, this
results in sin®(q.(2d)/2) behavior. Similarly, the |3|? cos?(q.d) term in I, arises from the two
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Fig. 11: Quasimolecular intra-t,, excitations of the two-hole trimer Ba,NbIr3O0:2 [93]. a)
RIXS spectra at selected q points, measured at 300 K at the Ir L3 edge with 63 meV resolution.
The overall behavior is equivalent to the case of Ir dimers, see Fig. 7: Peak intensities depend
on q. (along the trimer axis, parallel to the c axis) but peak energies do not. The elastic line is
weak for q. = 36.6 - 21t /c where the scattering angle is close to 90° but increases with decreasing
Qe i.e., decreasing . b) RIXS intensity as a function of q. and energy loss. The data show
a modulation period of 2w /(2d) ~5.67 - 27w /c around 0.7 eV and 27 /d around 1.5eV. This
reflects the Ir-Ir distances d and 2d and demonstrates the quasimolecular character.

outer sites, now contributing with the same phase. The |§|? term stems from the scattering at the
central site, for which the matrix elements may differ in size compared to the outer sites. Finally,
the term proportional to v = (5* § + §* ) highlights the interference between scattering events
at the central and outer trimer sites. Through the prefactors «, (3, 7, and 9, the RIXS intensity
provides a wealth of information about the quasimolecular wavefunction, see Fig. 10a).

Figure 11a) shows Ir Ls-edge RIXS spectra of Ba;Nblr;O;5 [93]. Equivalent to the dimer case,
the RIXS spectra are rich and the peak intensities depend on ¢. while the peak energies do not,
pointing to a quasimolecular character. This is confirmed by the g-dependent RIXS intensity,
see Fig. 11b). A linear trimer exhibits two intra-trimer Ir-Ir distances, d and 2d. The existence
of two modulation periods 27 /d and 27 /(2d), see Eq. (11), is thus the hallmark signature of a
quasimolecular electronic structure. In Ba;Nblr;O;, the fast modulation of /., o< sin® (g.d) with
period 7/d is observed around 0.7 eV, while the features above 1€V roughly show sin?(g.d/2)
behavior with a period of 27 /d. The latter arises for v < —|f3|?, see Eq. (11). This implies
a dominant interference between central and outer sites, requiring a large weight of the wave-
function on the central site and opposite phases on the central site compared to the outer sites.
The analysis roughly yields one hole on the central site and half a hole per outer site [93].

The rich physics of trimers offers an excellent opportunity to study the competition of spin-orbit
coupling and hopping. Remarkably, a non-interacting picture that combines strong ¢ with large
hopping provides an intuitive explanation of the RIXS data. At the same time, the key RIXS
features strongly restrict the relevant parameter range. Large ¢ =0.4-0.5eV is well established
in iridates. From this starting point, the absence of RIXS features below 0.4 eV requires large
hopping, see Fig. 10a). The RIXS intensity at low energy, around 0.7 eV, shows sin?(q.d) mod-
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ulation, implying the excitation to an odd-parity non-bonding state. This requires that hopping
does not exceed about 0.8 eV, see Fig. 10b). In this range, a dominant sin®(g.d) response at low
energy is possible as the RIXS intensity of the excitation to the lowest (even) bonding j = 3/2
orbital nearly vanishes, see bottom right panel of Fig. 10a). Finally, the strong sin®(g.d/2)
modulation above 1 eV mainly comes from excitations to antibonding j = 1/2 states.

In a non-interacting scenario, the ground state hosts two holes in the bonding j =1/2 orbital,
causing non-magnetic behavior. For finite hopping, the labeling as j =1/2 or 3/2 states is not
fully correct since hopping is not diagonal in the j states for f.x /ta,, 7 —1. Hopping splits
the local j =3/2 quadruplets into two bonding doublets, a non-bonding quartet, and two an-
tibonding doublets, see Fig. 10a). The splitting into doublets is caused by a finite mixing of
j=1/2 and 3/2 character. Due to this mixing, the energy of the bonding j = 1/2 state is not
perfectly linear in hopping. However, the deviations are small so that a discussion in terms of
J states is still meaningful. This remains valid even upon considering electronic interactions
with U =1.2¢eV and Jy ~0.3¢V, see Fig. 10b). Coulomb interactions slightly affect the ex-
citation energies and lift degeneracies of multiplets. However, this has only a minor effect on
the two-hole ground state and the overall behavior. On the trimer, large hopping wins against
correlations. This in particular applies to Ba;NblIr;O,, with fewer holes than Ir sites. The main
conclusion is very similar to the case of face-sharing Ir dimers: The two-hole trimer compound
Ba,Nblr;O,5 exhibits a quasimolecular electronic structure that, to a large extent, can be under-
stood in a non-interacting picture. Both large spin-orbit coupling and large hopping are decisive.
In the ground state, two holes occupy a spin-orbit-entangled bonding j = 1/2 orbital.

5.3 Between Mott and cluster Mott: face-sharing 4d Ru dimers

Face-sharing 4d* Ru dimers form a non-trivial bridge between d* Mott insulators such as
K50sClg (Sec. 4.1) and the cluster Mott behavior found in 5d Ir dimers (Sec. 5.2). In the
latter, large hopping yields quasimolecular behavior, but 4d ruthenates realize a different part
of phase space. The 4d* dimer BasCeRu;0y is located in the intricate but hardly explored
crossover regime between the Mott limit and the quasimolecular limit [94]. Like the iridate sis-
ter compounds, the ruthenates Bag M Ru,Og exist for M ions with different valences [122—124].
Using Ru Ls-edge RIXS for M =Ce*" with four-hole Ru dimers [94], we find that the elec-
tronic structure is governed by a delicate balance of competing interactions. Hopping, Hund’s
coupling, and trigonal crystal-field splitting Ay, are of comparable size, giving rise to a rich
phase diagram [28,94,98]. Spin-orbit coupling ¢ =0.15¢eV is the smallest electronic parameter
but decisive for the spin-orbit-entangled singlet character of the ground state.

The 4d Ru L3 edge is at about 2.84 keV in the tender x-ray range, a challenging regime. RIXS
with a resolution of ~ 60 meV can be measured at PETRA III [24]. Compared to the Ir L edge,
the smaller incident energy restricts the range of q that can be studied. Figure 12a) shows RIXS
spectra for fixed modulus |q|, measured over a wide range of angle of incidence . Compared
to the d* Mott limit, see Fig. 3, the data are very rich. The competition of hopping, Jp, Auig,
and ¢ produces a large number of excitations, preventing a simple peak assignment [94].
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Fig. 12: Between Mott and cluster Mott: the 4d* dimer BazCeRuyOg [94]. a) Ru Ls-edge
RIXS spectra measured at 20 K for different angles of incidence. Inset: corresponding q points.
b) Numerical results forU =2eV, Jy =0.26eV, ( =0.15€eV, Ay, =0.27eV, ta,, = 0.66 €V, and
ter / ta;, = —0.45. ¢) Sketches of the electronic structure in the Mott limit and the quasimolecular
limit for Ay >0 and ¢ =0. d) Cumulative weights wy,, for n holes on one site in the ground
state as a function of t,,, for fixed t.x [ta,,= —0.45. Vertical dotted line highlights t,,,= 0.66 eV.
e) Average number of holes in bonding and antibonding orbitals in the ground state.

The RIXS intensity of all peaks strongly varies with 6. The angle of incidence sets q as well
as the polarization. Unfortunately, it is not trivial to disentangle the q-dependent interference
pattern from polarization effects. As discussed above, the RIXS intensity is the squared sum of
several terms, where each term carries its own dependence on q and polarization. For hard x-ray
RIXS on 5d compounds, covering several periods of the interference pattern, the polarization
determines the envelope (see, e.g., Fig. 9d)). At the Ru L3 edge, however, RIXS can explore
only about one period in BagCeRu,Oyq. In this case, a discussion of the modulation requires a
careful analysis [94], which we skip here for simplicity.

We determine the electronic parameters by numerical simulation of the RIXS spectra, see
Fig. 12b). Best agreement is found for U =2¢eV, Jy =0.26eV, (=0.15eV, Ay, =0.27¢€V,
ta;,=0.66 €V, and ber / ta;,= —0.45. The values for U, Jg, and ¢ are well within the expected
range for ruthenates, while A, and the hoppings are more material-specific parameters. The
numerical results reproduce the key features of the RIXS data, describing the overall peak struc-
ture and the pronounced dependence on #. For small 0, i.e., positive [ (purple), the intensity is
maximized below about 0.4 eV but suppressed above 0.4 eV.

To understand the puzzling ground state, we first discuss the limiting cases of small and large
hopping, considering ¢ =0 for simplicity. In the Mott limit, the on-site Coulomb repulsion
U suppresses charge fluctuations. Each Ru site hosts two holes that form spin S =1 due to
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Hund’s coupling (cubic 77 multiplet, see Tab. 1). For positive Ay, there is one hole in the ay,
orbital and one in an ey orbital, see state I in Fig. 12¢). Hopping is diagonal in the a;4-ej basis
and yields exchange interactions. The degenerate ey orbitals exhibit a Kugel-Khomskii-type
exchange, favoring parallel spins on the two sites. Nevertheless, the ground state shows S;,;=0
since the larger antiferromagnetic coupling driven by ¢,,, wins. In the opposite quasimolecular
limit of large hopping, the lowest bonding orbital has a,, character since |t,,,| > |teg

, See state
II in Fig. 12¢). This yields two holes in the bonding a,, orbital and two holes within the four
bonding e states. The two e holes form a triplet with Sy, = 1 due to Hund’s coupling.

The intermediate regime, between Mott and cluster Mott, needs a more quantitative discussion.
Concerning the character of the ground state, we consider the cumulative weights w,,,,, of terms
showing 7 holes on one site and m = 4—n on the other, see Fig. 12d). The Mott limit is char-
acterized by wyy = 1, 1.e., roughly two holes per site. With increasing hopping, the weight of
states with n # 2 increases. The quasimolecular limit, reached for infinite hopping, exhibits
woy = 3/8 and wy3+ws; = 1/2. For the parameters appropriate for BazCeRuyOy, the weights
Wy are plotted in Fig. 12d) as a function of ¢, , both for ¢ =0 (solid) and 0.15€V (dashed).
For ¢ =0, the jump of wsy close to ¢,,, =0.4 eV marks the phase transition between the more
localized state I with Si,;=0 and state II with S,,;=1. In the discussion above, state II has been
motivated from a quasimolecular perspective, while state I follows naturally for the Mott limit.
We emphasize that state II violates Hund’s rule (not showing S=1 per site) and cannot be mo-
tivated by exchange coupling between d* sites. Nevertheless, state II is already realized for
moderate ¢,,,~ 0.4 eV, where way > 0.8 still indicates a localized character. With ¢,,,=0.66eV
(vertical dotted line), BasCeRuyOg falls within the regime of state II, but the degree of Mott
localization is still sizable. We find wq9o=0.70 (0.74) for {,=0 (0.15) eV. These values are
within the intermediate regime but closer to the Mott limit, wss = 1, than to the quasimolecular
limit, wey = 3/8.

The intermediate character of BasCeRu,Oyq is supported by the average number of holes in
bonding and antibonding states, ng and nag, see Fig. 12e). In the quasimolecular limit, all four
holes occupy bonding orbitals, ng = 4. In the Mott limit, the four holes are distributed equally
over the (anti-)bonding orbitals, ng =nap =2. For the parameters of BagCeRu,0y, the phase
transition between states I and IT occurs around ¢,,,=0.4eV where ng &~ 3, halfway between
the two limits. For t,, =0.66eV, we find ng =3.6 (3.4) for (=0 (0.15)eV. This provides
2> 0.70, the

~Y

a quantitative measure of the intermediate character of BazCeRu;Ogy. With wys
charge distribution tends to the Mott limit with predominantly two holes per Ru site, minimizing
the Coulomb energy. At the same time, the average number of holes in bonding orbitals is
large, ng = 3.4, pointing to the quasimolecular limit. In the 4d* ruthenate dimer compound

BazCeRu,0g, the dichotomy between localized states in the Mott limit and quasimolecular
states in the cluster Mott case breaks down.

In 4d ruthenates, compared to iridates, the smaller hopping boosts the role of correlations for
the cluster moments. The physics of the intermediate regime has hardly been explored. For
4d* Ru dimers, the vivid competition of Hund’s coupling, hopping, and crystal field yields a
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series of distinct ground states (for ¢ =0) [94].!* Hopping and crystal field can be tuned by, e.g.,
external pressure, potentially allowing for control of the local physics. Spin-orbit coupling turns
the phase transitions into crossovers, but the electronic structure and the low-energy excitations
are still highly sensitive to a change of the electronic parameters. In BagMRu,0g with M3*
ions and five holes per dimer, such a strong sensitivity has been reported [125].
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