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The electronic states of many Mott insulators, including iridates, are often conceptualized in terms
of localized atomic states such as the famous “Jeg = 1/2 state”. Although, orbital hybridization can
strongly modify such states and dramatically change the electronic properties of materials, probing
this process is highly challenging. In this work, we directly detect and quantify the formation of
dimer orbitals in an iridate material BasAllroO11 using [resonant inelastic x-ray scattering (RIXS)|
Sharp peaks corresponding to the excitations of dimer orbitals are observed and analyzed by a

combination of [density functional theory (DFT)| calculations and theoretical simulations based on

a Ir-Ir cluster model. Such partially delocalized dimer states lead to a re-definition of the angular
momentum of the electrons and changes in the magnetic and electronic behaviors of the material.
W use this to explain the reduction of the observed magnetic moment with respect to prediction
based on atomic states. This study opens new directions to study dimerization in a large family of
materials including solids, heterostructures, molecules and transient states.

Many of the most interesting phases in corre-
lated quantum materials occur in systems with strong
Coulomb repulsion U, which tends to drive electron lo-
calization via the Mott insulating mechanism [I]. Due to
this, we often conceptualize the electronic and magnetic
properties of these systems in terms of localized states [2],
even though many of the most interesting cases occur
when there is strong competition between U and electron
hopping t. Of particular interest in this regard is the lo-
calized “Jer = 1/2 state” [3], which is the conceptual
building block for a host of fascinating proposed and ob-
served states including frustrated magnets [4-10], topo-
logical insulators [I1l [12], and possibly even unconven-
tional superconductors [I3]. Hopping between IrOg octa-
hedra delocalizes the electrons and is expected to be rele-
vant in many classes of iridate (or other heavy d-electron
materials) with edge-sharing or face-sharing octahedra
[I4HI9]. This can heavily modify, or even destroy, the
Joft = 1/2 state motivating arguments about how best to
conceptualize the electronic state of iridates [14] 20, 21].
Directly probing these states is therefore highly desirable.
In the simplest case of dimerization between neighbor-
ing pairs of IrOg octahedra one expects the formation of
quasi-localized dimer orbitals, which are difficult to probe
by photo-emission due to the absence of dispersive bands
and hard to probe optically as dipole optical selection
rules means that transitions within a orbital manifold
are nominally forbidden. [RIXS] on the other hand, has
been shown as an particularly incisive probe of on-site
localized transitions in the iridates, but as far as we are
aware, has never definitively isolated an excitation asso-
ciated with dimerization [22] 23].

In this Letter, we establish that[RIXS|can directly mea-
sure peaks associated with orbital dimerization and that
a quantitative description of the dimer electronic configu-
ration can be extracted using calculations and mul-
tiplet modeling. For this study we employ face-sharing
iridiate BasAllr,O1; and account for how these inter-
actions modify Jeg = 1/2 state expected on the nom-
inally 5d° atom in this crystal, reproducing the previ-
ously measured reduction in the magnetic moment [24].
We argue that, given the proven ability of [RIXS| to mea-
sure molecules, oxide heterostructures and even ultra-fast
transient states, this has great potential to probe orbital
dimerization under many different circumstances [25H31].

Single crystal samples of BasAllroO1; were synthesized
using the self-flux method as described in Refs. [24] [32].
Previous diffraction and transport measurements con-
firm high sample quality [24]. BasAllraOq; forms an or-
thorhombic unit cell with space group Pnma (No. 62)
with @ = 18.76, b = 5.755, and ¢ = 11.06 A [24]. As
shown in Fig. a), two face-sharing IrOg octahedra form
isolated dimers, which are then connected by AlOy4 tetra-
hedra. These two inequivalently coordinated face-sharing
Ir octahedra in a dimer are labeled as Irl and Ir2, as
shown in Fig. (a,b). experiments were performed
at the Ir-L3 edge by using the MERIX instrument at
Sector 27 of the Advanced Photon Source [33]. A 2 m
Si (884) diced analyzer was used to energy-resolve the
scattered x-rays. Different incident beam monochroma-
tion setups were tested before settling with a combined
~ 80 meV total resolution (Full-Width-Half-Maximum).
Data were collected with a horizontal scattering geom-
etry with the incident x-ray polarization parallel to the
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FIG. 1. (a) Crystal structure of BasAllrO11. The two in-
equivalent IrOg octahedra are labeled Irl and Ir2 and colored
in dark yellow. Quasi one dimensional Ir chain structures
occur via the connection of these octahedra through AlO4
tetrahera along the b-axis. (b) Illustration of the local Carte-
sian coordinates used in the definition of ta4 orbitals. The
orientation of the local coordinates is chosen such that the
x,y, z-axes are all at an equal angle [arccos(1/+/3) rad] with
respect to the Irl-Ir2 bond and the z-axis lies in the Ir1-O1-
Ir2 plane. The z,y, z-axes lie approximately along the Ir-O
bonds in this setting.(c) map showing the intra-to4 and
tag — e4 excitations.

scattering plane (7w channel). The sample was mounted
such that [010] Ir chain direction and the [101] sample
surface-normal are in the scattering plane. Data were
collected using an incident x-ray angle « close to 26° and
a detector angle 26 close to 90° unless otherwise specified.

We initially surveyed incident-energy-dependent [RIXS)|
at room temperature as shown in Fig. c). The low en-
ergy excitations below 1.2 eV resonate at 11.215 keV and
can be assigned to intra ¢, transitions by comparison to
previous work; tog — e, transitions occur around 3.6 eV
and resonant at higher incident energies [22] B34] B35]. A
more detailed incident energy dependence was mapped at
40 K with 80 meV energy resolution [36], focusing on the
low energy intra ta, excitations. The spectrum is plot-
ted in Fig. a,b), where 5 distinct peaks can be clearly
identified. They are labeled A-E with energies 0.18 eV,
0.32 eV, 0.565 eV, 0.74 eV and 1.13 eV, respectively.
These features show no appreciable dispersive behavior
in their peak energies [see Fig. [2{c)] at various momen-
tum transfer @ over almost one Brillouin zone in the
chain direction, suggesting that the excitations are con-
fined within a dimer and that coupling through the AlO,4
tetrahedra can be neglected on these energy scales. We
note that pure spin flip excitations are not observed here,

almost certainly because they occur on a too low energy
scale.

We use a two-site cluster model for Irl and Ir2 [see
Fig.[I{b)] to simulate the measured spectrum. The
tag orbitals of Irl and Ir2 are defined with respect to the
local Cartesian coordinates shown in Fig. b). The ED-
RIXS toolkit developed in the COMSCOPE project [37]
is used to diagonalize the Hamiltonian and simulate the
[RIXS|spectrum, with the real experimental geometry and
polarization applied. The energy resolution is set to be
80 meV [full width at half maximum (FWHM)l More de-
tails of the |RIXS|simulation can be found in the Supple-
mental Materials [38].

To understand the electronic structure which gives
rise to the observed excitations, we start with the non-
physical condition where the Ir1-Ir2 hopping and the non-
cubic [crystal field (CF)|are set to zero. With the octahe-
dra decoupled, the electronic structure is determined by
the [spin-orbit coupling (SOC)| A, the on-site Coulomb U
and the Hund’s Jg interactions. We use a t3, Kanamori
type Hamiltonian to treat U and Jg, which can be writ-
ten as,

Hy =UY fathay + U farip, +U” Y fagiigs
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where, a(8) = d.z,dsy,dyy is the ty, orbital index.

o =1,] is the spin index. U’ = U — 2Jg and U” =
U — 3Jyg. U is chosen to be 2 eV through all the calcu-
lations [39]. With hopping forbidden, the electrons are
localized to form |d*) on Irl and |d®) on Ir2, with atomic
states ‘d4, Jeg = 0, 1,2,2’> and |d5,Jeff = 1/2,3/2>, re-
spectively. States Jog = 2 and Jog = 2’ both have total
angular momentum 2, but are of different energies. Ex-
citations can happen within each atomic state sets, and
their energies are determined by Hund’s coupling and
[SOC] With Jg = 0.3 eV and A = 0.345 eV, which are
consistent with earlier work [40H42], the simulated
spectrum is shown as the light blue curve in Fig. |3|c)
where three peaks are found. The peak near B comes
from the excitations from ’d4, Joff = 0> to ‘d47 Joff = 1>
states. The peak near C contains two excitations
with very close energies, one is from |d57 Jog =1 /2> to
|d®, Jor = 3/2) states and another is from |d*, Jog = 0) to
|d*, Jo = 2) states. Peak E is determined by the excita-
tions from |d?, Jeg = 0) to |d*, Jeg = 2’). Obviously, our
experimental observations have far richer features than
this simulated [RIXS spectrum at isolated atom level.
The activation of the inter-site hopping will strongly mix
the ’d4;d5> and ’d5;d4> configurations, which will not
only tune the energy of the excitations but also create
new de-localized states and excitation channels. Here, we
use |d";d"?) to represent a[Direct Product State (DPS)|
of the dimer, where Irl has ny electrons and Ir2 has ng
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FIG. 2. (a) High-resolution |[RIXS|map at 40 K. (b) The excitation spectrum integrated over £2 eV with respect to the resonant
energy of 11215 eV. (c) Orbital excitations of BasAllr,O1; show no significant Q-dependence indicative of localized states.

electrons.

To estimate the hopping and the non-cubic crystal
field we performed a first-principles [DFT] calculation us-
ing [Vienna Ab initio Simulation Package (VASP)| [43-
[46] and fit a to, [tight-binding (TB)| Hamiltonian to the
result using the maximally localized Wannier functions
method [47, [48]. We set A = U = Jyg = 0, as they
are included explicitly in our model later. For simplic-
ity we assume a trigonal local [CF] for the IrOg octahedra
in BasAllrO17. Under this approximation, the Hamil-
tonian V12 for the hopping between Irl and Ir2 takes a
simple form in the ¢y, basis,

dz2m2 d@yz d$2y2
dow, [ —t t/ —t
V2 =d.,. | ¥ —t  —t | 4+he (2
doyyy \ —t  —t t/

where, t and ¢ are the hopping parameters. Our
calculation gives ¢t = 0.18 eV, and ¢’ = 0.2t. The on-site
trigonal [CF] Hamiltonian is

~1(2) H1(2) )
Hep’ = | =0 @ -6 |, (3)
-0 =6 H1(2)

where, 11 and po are the chemical potentials for Irl and
Ir2, respectively. Their difference Ay = p1 — uo is about
0.1 eV. This chemical potential difference distinguishes
the two inequivalent IrOg octahedras [24] [49], and in-
duces partial charge disproportionation in BasAllraOyq;.
0 is estimated to be 0.03 eV from the DFT calculation.
The two-site Ir1-Ir2 cluster Hamiltonian is diagonalized
in the subspace with 9 electrons in total to get the energy
spectrum.

For the isolated Irl and Ir2 condition discussed ear-
lier, the energy levels (0-1.2 eV) of theseat Ap =0,
0 = 0 and ¢t = 0 are shown as the red plateaus and labeled

by S in Fig. a). After turning on the hopping ¢, dimer
orbitals will form by superposition of the atomic orbitals
of Ir1l and Ir2. As a result, the configurations |d*; d5> and
|d®; d*) will mix with each other. With the derived
{t,t', Ap, 6}, and the local interaction Jy = 0.3 eV and
A = 0.345 eV, the calculated energy levels of these delo-
calized dimer states are shown as blue lines in Fig. [3[(a).
As can be seen in Fig. c), the calculated spec-
trum with these parameters agree quite well with our
experimental observations. Peaks A and D, which were
missing in the localized picture, now appear in the simu-
lated [RIXS] spectrum as excitations between delocalized
dimerized states. For example, peak A is from the ex-
citation from the ground state to the first excited state.
The weights of |d*; d®) and |d®; d*) configurations are re-
spectively 0.608 and 0.392 in the ground state and 0.560
and 0.440 in the first excited state.

To further appreciate the competition between the
atomic [SOC| A\, Hund’s coupling Jy and the delocaliza-
tion hopping ¢, the evolution of the energy spectrum of
these dimer states as a function of hopping ¢ is presented
in Fig. [B(b). In this calculation, other parameters ex-
cept hopping ¢ are fixed. In Fig. [3[b), the solid lines
are the relative energies of the dimer states, and under-
lying colormap represents the calculated corresponding
[RIXS| intensities. We can see that each level S splits into
many dimer states and the energy splitting increases as
increasing ¢. In the small ¢ regime, local on-site Jy and
A dominate the Hamiltonian, so the mixing mainly oc-
curs within the same level S and the energy splitting is
not far away from the center of each level S. When in-
creasing t, it will compete with Jgy and A to induce more
mixing between different levels S, which are reflected as
the crossing of energy levels in Fig. Bfb). For example,
the energy of the first excited state split from the level
SO increases at small ¢ regime to a maximum and then
decreases at t 2 0.12. Another state split from level S1 is
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FIG. 3. (a) Illustration of the splitting of the trivial [Direct Product State] (DPJ)) after turning on hopping t. The letter S is

used to label these and the numbers in parentheses are their degeneracy. (b) The solid lines are the energy spectrum of
the Ir-Ir cluster model as a function of hopping ¢t at Ay = 0.1 eV, § = 0.03 eV, and the colormap indicates the corresponding
simulated intensity. The vertical dotted line indicates ¢ = 0.18 eV. (c¢) The simulated spectrum at several chosen
parameters and are compared with the experimental result, 6 = 0 for the bottom light blue curve and § = 0.03 for all others.

pushed down to cross with it and has very similar energy.

Besides peaks A-E, the calculated [RIXS intensity also
shows some shoulders around the main peaks which are
not resolved in the experimental [RIXS| spectrum. They
might be washed out by longer range hopping or itin-
eracy not captured in the cluster model. We also find
that the energy of the dimer states and the [RIXS| spec-
trum are not sensitive to Ay in the region Ap < ¢ [see
Fig. c)], because ¢ dominates the energy spectrum in
this region and the energy splitting of the bonding and
anti-bonding orbitals is as large as 2.5¢t. More details
on the competition between Ay and the hopping ¢ with
different energy strength are shown in the Supplemen-
tal Materials [38]. At Ay =0.1eV and ¢t = 0.18 eV, the
calculated charge disproportionation between Irl and Ir2
is about 0.218 electrons, which is close to 0.3 electrons
reported in previous DFT calculation [49].

Combining [RIXS| measurements and a [DFT]| cal-
culations, we show that the electronic structure of
BasAllroO1; needs to be described by partially-
delocalized dimer orbitals, rather than Jeg = 1/2 atomic
states in the strong [SOC]| limit. It is interesting to no-
tice that dimer orbitals can still occur in BasAllr,Oqq
even if U is large, as due to the non-integer average Ir
valence of 4.5, the Mott mechanism cannot stop hopping
between the Ir sites. The dimerization process signifi-
cantly changes the magnetic properties of BasAllraOy;.
The calculated effective local moment per dimer is about
1 pp in BasAllryO41, which is consistent with the exper-
imental results [24], but is much smaller than the value
1.732 up expected for two isolated Ir sites: a Jog = 1/2
on Ir2 and a Jo.g = O singlet on Irl. It indicates that
the symmetry of the magnetic order parameter has devi-
ated from the ideal spherical symmetry. Indeed, unlike 3d

magnetic Mott insulators, where the order parameter can
be described by pure local physics, it is common that the
order parameter cannot be well described by a pure local
object in many iridates due to the extended orbitals and
much stronger inter-site hoppings. For instance, reduced
effective local moments have been observed in many d°
iridates, such as SroIrOy4 [B0, BI], SrslroO7 [52] and py-
rochlore iridates [53H55]. Another interesting case is the
exotic magnetic moments found in some d* iridates [56]
where the local ground state is a non-magnetic singlet.
This peculiar behavior is found to be caused by the vir-
tual inter-site exchange process [57], so a local single
atomic description is not appropriate here either. We also
emphasize that the cluster model used in this work can
be straightforwardly applied to simulate [RIXS| spectrum
of the 6H-hexagonal oxides BagAB20g (A=In, Y, Lu, Na
and B=Ru, Ir) [16] 58 [59] and similar dimer excitations
can be expected in these compounds. This theoretical
method can also be generalized to study other systems
with strong nonlocal electronic itinerancy, such as the
pyrochlore iridates, where possible low energy dimer ex-
citations (around 0.1 eV) have been observed in

spectrum [60H63].

In summary, we find new peaks corresponding to the
excitations of dimer orbitals in the experimental [RIXS
spectrum of BazAllroO11. The[DFT]calculations and the
[RIXS] simulations confirm that the hopping strength be-
tween Irl and Ir2 in BasAllroOq; is indeed strong enough
to form dimer orbitals and their excitations explain the
observed features in the measured [RIXS] spectrum. Fur-
thermore, our analysis well explained the observed reduc-
tion of magnetic moment. This work establishes RIXS
as a spectroscopy tool to probe the formation of delo-
calized dimer orbitals and characterize their microscopic



properties, which may open new directions to study de-
localization in other dimerized strongly correlated ma-
terials by [RIXS| with widespread potential applications
in molecules, oxide heterostructures and even ultra-fast
transient states.
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