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It has been well established experimentally that the interplay of electronic correlations and spin-orbit interac-
tions in Ir** and Ir>* oxides results in insulating Joi = 1/2 and J. = 0 ground states, respectively. However, in
compounds where the structural dimerization of iridium ions is favorable, the direct Ir d-d hybridization can be
significant and takes a key role. Here, we investigate the effects of direct Ir d-d hybridization in comparison with
electronic correlations and spin-orbit coupling in Bas Allr,O;;, a compound with Ir dimers. Using a combination
of ab initio many-body wave-function quantum chemistry calculations and resonant inelastic x-ray scattering
experiments, we elucidate the electronic structure of BasAllr,O;;. We find excellent agreement between the
calculated and the measured spin-orbit excitations. Contrary to expectations, the analysis of the many-body
wave function shows that the two Ir (Ir** and Ir°*) ions in the Ir,Oy dimer unit in this compound preserve their
local J.gr character close to 1/2 and 0, respectively. The local point group symmetry at each of the Ir ions plays
an important role, significantly limiting the direct d-d hybridization. Our results emphasize that minute details
in the local crystal field environment can lead to dramatic differences in the electronic states in iridates and 5d
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oxides in general.
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I. INTRODUCTION

Dimerization or clustering of transition metal (TM) atoms
is observed in many TM compounds, e.g., in vanadium oxides
[1,2], and titanates [3], when the f,, orbitals of the TM d
manifold form partially filled singlet states of dimers akin
to the Peierls state in one dimension [4]. In these systems,
the TM ions tend to have a strong direct (intradimer) d-d
overlap that results in molecularlike orbitals with appreciable
bonding-antibonding splitting. Consequently, the local elec-
tronic structure depends on the intradimer hopping integral
(t4), intra-atomic Hund’s coupling (Ji), and interatomic (U)
Coulomb interactions and electron filling of the orbitals local-
ized at TM clusters. Alternatively, dimerization of TM ions
can also be favorable from crystallographic considerations,
particularly in compounds with heavy TM ions, e.g., 5d ions,
where the d orbitals are more spread out. A number of dimer-
ized or cluster 4d and 5d compounds [5-8] with intriguing
properties have been synthesized recently. Novel physical
phenomena have been observed in these compounds, e.g.,

the inelastic x-ray scattering analog of Young’s double-slit
experiment has been realized in Ba;Celr,Og [9], where the
molecular orbital formation within the Ir dimers is crucial. In
lacunar spinels GaMXg (M = Nb, Mo, Ta,and W and X = S,
Se, and Te), spin-orbit coupled molecular J.¢ states [10,11]
and topological superconductivity [12] have been proposed
where molecular orbital formation within the tetrahedral clus-
ter of M ions is the key.

The interplay of intersite electron hopping (¢), Jy, U, and
the strong atomic spin-orbit coupling (SOC) in 54 and in
some 4d compounds result in intriguing Jeg physics [13—-17].
For instance, in compounds with an Ir**t (d°) configuration
in an octahedral environment, e.g., in SrpIrO4 [13,14], the
strong SOC leads to completely filled Jo = 3/2 and half-
filled Jogr = 1/2 levels. Similarly, in Ba; YIrOg¢ and NalrOs,
the Ir>* ions realize completely filled Jo = 3/2 and empty
Jett = 1/2 submanifolds [18,19], resulting in a nonmagnetic
Jeit = 0 ground state [20]. In dimerized systems, 7; can be
much larger and successively may play a dominant role com-
pared to other local interactions, which could result in the
breakdown or a significant modification of the Je physics.
Thus, it is crucial to identify the role of these multiple interac-
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dimerization or clustering is prevalent. Using state-of-the-art
ab initio many-body electronic structure methods in combi-
nation with high-resolution resonant inelastic x-ray scattering
(RIXS) experiments, we present a detailed analysis of the
electronic structure of Ir,Oy dimers in BasAllr,O;; and un-
ravel the nature of the electronic ground and excited states of
BasAllr,O;;. While we find an excellent agreement between
the RIXS spectra and the calculated excitations, analysis of
the many-body wave functions reveals a nearly complete
charge separation—Ir*" and Ir>*—within the dimers in the
ground state, in contrast to an earlier report describing the for-
mation of molecular orbitals in BasAllr,O; [21]. The strong
SOC of the Ir** and Ir>* ions results in Jor = 1/2 and Jo¢ = 0
local configurations, respectively, and thus we conclude that a
localized J.¢ picture is more appropriate in BasAllr,Oy;.

BasAllr, O contains dimers composed of crystallograph-
ically inequivalent Ir cations encaged in face-sharing Og
octahedra [22,23] [see Figs. 3(a) and 3(b), and Supplemental
Material (SM) Fig. S1 [24]]. At 210 K, a lattice distortion is
believed to lower the symmetry of the crystal and enhance
the charge disproportionation leading to charge ordering that
corresponds to Ir** and Ir>* valence configurations [23].
However, an analysis of the previously measured RIXS spec-
trum of BasAllr,O;; using density functional theory and
model Hamiltonian calculations [21] has proposed the for-
mation of hybridized dimer orbitals, debunking the charge
disproportionation phenomenon. Nevertheless, given the com-
plex low-symmetry crystal environment and the interplay of
spin and orbital degrees of freedom in BasAllr,Oyy, it is
unclear if the dimer orbitals are actually realized in the ground
state.

II. RESULTS

The RIXS spectra shown in Fig. 1 were measured on single
crystals grown by the flux method [23] at the ID20 beam-
line of the European Synchrotron Radiation Facility (ESRF)
with ~25meV resolution [25] and the 27-ID-B beamline
with ~30meV resolution at the Advanced Photon Source
(APS), with 7 polarization at a scattering angle close to
26 = 90°. The incident-energy dependence of RIXS spectra
across the Ir L3 edge (E; = 11.215 keV) at the zone center
0 = (23.5,0,2.5) is shown in Fig. 1(a). While the same E;
as determined from previous measurements on iridates such
as SrpIrO4 and Ba, YIrOg [20,26] was chosen, we find that
the maximum of the resonance is not at E; in BasAllr,Oy;
as the precise crystal field (CF) environment around Ir ions
and the mixing of the valence states influences the resonance
energy. However, we see that the energies of the modes remain
unchanged in a broad range around E;.

The features marked by A-K in Fig. 1(b) are incident-
energy independent Raman modes as shown in Fig. 1(a).
These modes correspond to intrinsic electronic transitions be-
tween various occupied and unoccupied states, and therefore
provide direct information about the low-energy electronic
structure. To resolve all the Raman modes and determine the
low-energy electronic structure, we show in Figs. 1(b) and
1(c) the high statistic energy spectra collected at E; [white
dashed line in Fig. 1(a)]. In Fig. 1(b), several sharp Raman
modes below 1 eV and a broad peak at 1.2 eV, named A-K,
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FIG. 1. (a) Incident-energy dependence of elementary excita-
tions below 1.2 eV for Bas;Allr,O;; measured around the Ir L; edge
with Q = (23.5, 0, 2.5) at 20 K. (b) RIXS spectra (below 1.2 eV)
measured at E; = 11.215 keV [marked as a white dashed line in (a)].
(c) High-energy excitations (1-8 eV) measured with the same setup
as that for (b). The green line is a multi-Gaussian fitting of the raw
data in red open circles (with error bars).

are determined by fitting the spectra using multiple Gaussians.
The sum of the fitting curves is shown as a green solid curve.
In Fig. 1(c), higher-energy excitations up to 8 eV are shown.
This spectrum is decomposed into several peaks and interest-
ingly, these modes show very little momentum dependence
(see SM Fig. S6 [24]), indicating that all of them correspond
to local spin-orbital (d-d) excitations and are reflecting the
low-energy electronic structure.

We now turn to the RIXS results measured using the O
K edge (Fig. 2 and Fig. S2 in SM [24]) carried out at the
ADRESS beamline of the Swiss Light Source at the Paul
Scherrer Institut, with ~70 meV energy resolution for both o
and 7 polarizations at a scattering angle of 26 = 130° [27,28]
(see SM Fig. S1). With the presence of strong hybridization
between the O 2p orbitals and Ir 5d orbitals, O K RIXS is
sensitive to various elementary excitations of iridates [29].
Figures 2(a) and 2(b) are RIXS maps collected at the O K edge
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FIG. 2. RIXS results of BasAllr,O;; as measured at the O K
edge. (a), (b) Energy dependence of RIXS spectra for BasAllr, Oy,
taken around the O K edge with § = —40° [Q = (0.93, 0, 0.65)].

with 7 and o polarizations at 25° grazing incidence. Besides
the sharp spin-orbital excitations (E = 0.26, 0.57eV) below
1 eV consistent with those measured with the Ir L3 edge,
two high-energy excitations at E & 2.26 and 2.71 eV have
also been observed. Note the RIXS maps in Fig. 2 contain
substantial fluorescence which is absent in the results col-
lected at the Ir L3 edge (Fig. 1), indicating a complex Ir 54-O
2p hybridization between the energy bands of the oxygen
ions. In addition, a significant polarization dependence of the
excitations has also been observed, which we attribute to the
overlap between light polarization (electric field E) and the
different O 2p orbitals hybridized with different Ir 5d orbitals
(for details, see SM [24]).

To decipher the nature of the rich excitation spectrum
observed in the RIXS spectra and to examine the formation
of dimer orbitals in BasAllr,O,;, we performed many-body
ab initio cluster-in-embedding quantum chemistry (QC) cal-
culations, starting from the crystal structure reported in
Refs. [22,23]. These are based on the construction of the exact
wave function for a cluster of atoms, embedded in a potential
that represents the solid-state environment, using complete ac-
tive space self-consistent field (CASSCF) and multireference
perturbation methods [30]. The calculations were performed
on a cluster containing one Ir,Og dimer unit, two neighboring
AlOQy tetrahedra, and the surrounding 15 Ba?* ions. The ORCA
quantum chemistry program [31] was used for all calculations
(see SM [24] for all the computational details, which includes
Refs. [29,31-36]).

The relative energies of the multiplet structure of the Ir,Oq
dimer unit obtained from CASSCF + NEVPT2 (N-electron
valence perturbation theory) [37] calculations are shown in
Table I. An active space of nine electrons in six orbitals (three
I, orbitals on each iridium) was considered in the CASSCF
calculation which sufficiently captures the important static
correlations (i.e., near degeneracies) in BasAllr,Oq;. In the
NEVPT?2 calculation, the correlations involving all the neigh-
boring occupied oxygen 2p and iridium 5s, 5p orbitals as well
as all the unoccupied orbitals are accounted for, accurately
describing the O 2p to Ir d charge transfer effects and other
dynamic correlation effects. It is important to note that the
intrasite (Hund’s coupling Jy) and intersite (U) Coulomb
interactions and the hybridization between different orbitals
are included in the calculation, accurate within the basis-set
limit.

TABLEI. Relative energies (eV) of the excitation levels obtained
from CASSCF+NEVPT? calculations. The first column contains the
nonrelativistic multiplet structure, and the multiplet symbols on the
left correspond to the octahedral (O,) symmetry. The degeneracy
of the states is split in BasAllr,Oy; due to the lowered symmetry
in the two octahedra due to the anisotropic crystal fields (see text).
The spin-orbit coupled multiplet structure is shown in the second
column. Note that each state is doubly degenerate (Kramers doublet).
The corresponding peaks in the RIXS data in Fig. 1(a) are shown in
column 3.

CASSCF+NEVPT2 + SOC (x2) Ir L-edge RIXS
‘4, 0.00 0.00 0.00
27 0.03, 0.08, 0.10 0.18 0.18 (A)
A, 0.14 0.24,0.27 0.28 (B) 0.33 (C)
41 0.16,0.17, 0.17 0.44 (D)
2E, 0.18,0.23 0.48,0.62 0.50 (E)
‘E| 0.25,0.28 0.55,0.56, 0.58 0.56 (F)
27, 0.77, 0.80, 0.94 0.60, 0.78 0.75 (G)
‘T 0.84, 0.86, 0.95 0.84, 0.90 0.82 (H)
Ty 0.86, 0.86, 0.90 1.14-1.20 (4) 0.98 (1), 1.00 (J)
24, 0.91 1.21,1.24 1.20 (K)
’E, 1.00, 1.01 1.37-1.43 (4) 1.4 (L)
2A3 1.03 1.47
27, 1.10, 1.10, 1.12 1.48,1.53, 1.56
2E3 1.60, 1.63 1.73-1.80 (5) 1.77 (M)
275 1.68,1.78, 1.81 2.02,2.04
2.11,2.17,2.20 2.17 (N)
2.59
2.63-2.77 (4) 2.70 (0)

The lowest nine quartet (s = %) and 24 doublet (s = %)
scalar relativistic states (first column in Table I) are first com-
puted and then are allowed to admix via the SOC, resulting
in 84 states (see the second column of Table I). It can be
seen that the excitation energies obtained from CASSCF +
NEVPT2 4 SOC calculations are in excellent agreement with
the peaks observed in RIXS experiments, except for peak D.
This peak is related to the electron-hole exciton which is also
observed in other iridate materials such as Sr,IrO4 [29,38,39]
and Na,IrO5 [40]. Such excitations are not considered in the
current QC calculations [41]. Further, our calculations reveal
excitations from the #,, to e, manifold starting at 3.4 eV which
correspond to RIXS peaks P and Q.

To elucidate the origin of these excitations, we first ana-
lyze the scalar-relativistic multiplet structure. When the two
iridium ions in the dimer unit are in a cubic environment (O,
symmetry), the low-energy multiplet structure is a result of
the interaction of the ground state 27}, multiplet of the Ir*+
ion [42] and the 3T1g ground state term of the I’ ion. In
addition, the lowest ' T3 gand 1, ¢ [20] singlet states contribute
significantly to the low-energy spin-orbit excitations [20].
The resulting spectrum contains T o 4T2g, A o ‘E ¢ quartets
and 11 doublet terms, 2T1g,2g,3g,4g,5g, 2A1g,2g’3g, 2E1g,2g,3g [43].
However, in BasAllr,Oq; the Ir ions are enclosed in distorted
octahedra, resulting in low-symmetry CFs and splitting of the
I, levels at each Ir ion [44]. Further, the small Ir-Ir intradimer
distance of 2.73 A in BasAllr,O;; (2.698 A in elemental
iridium) may result in a direct overlap of the Ir d orbitals

075114-3



VAMSHI M. KATUKURI et al.

PHYSICAL REVIEW B 105, 075114 (2022)

@ o o .. (® = Ba h, o
. » e o % (3%
s Tl v VN 4N
° o © o Al )( I
o e o P Win a
c o oy - Y
[ b o © © A H In T—»b
a

© (d) Roe
45t

3
¥
¥

31

&
@
:

ni
v
~

e BN

S

]\_ ]
\©

~

4

30
25
20|

1.5
10 TNER

@ B OO
% ®
® o {0 ¥
3
il
&
Q

A

Energy (eV)

Ve

Al oael X £ *

QF;E’ N § : :Eg
245 265 273 281 K% oy
265 273

d (A) 245

0.5
0.0

FIG. 3. Crystal structure of BasAllr,Oy;: (a) Unit cell, (b) Ir;Og
dimer units connected along the b axis, and d is the intradimer Ir;-Ir,
distance. (c) Orbital (relative) energy-level diagram of the six t,,
orbitals, shown in (d), for different d, where the lowest-energy orbital
is set to zero. The lengths of the red, black, and blue colors of each
level are proportional to the percentage contributions from Iry, Ir,,
and O ions, respectively.
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and the formation of bonding and antibonding states [45].
Consequentially, the multiplet degeneracies in the spectrum
are split.

To understand the formation of bonding and antibonding
dimer orbitals in BasAllr, O, we plot the evolution of orbital
energies as a function of Ir;-Ir, intradimer distance (d) in
Fig. 3(c). The six levels for each d correspond to the CASSCF
canonical orbital [46] energies of the six t,.-like orbitals in
the Ir,Og9 dimer unit. The color variations of the energy levels
represent the orbital compositions [47] from Iry, Ir;, and O
ions. Interestingly, for d > 2.73 A, we find 20% and 13%
hybridization for Ir; 5d-O 2p and Ir, 5d-O 2p, respectively,
while there is negligible direct Ir;-Ir, d-orbital hybridization.
The a;, orbital of Ir; contains a 4.5% contribution from the
a1 orbital of Ir, and vice versa. For d = 2.65 A, a significant
direct Ir;-Ir, d-orbital hybridization is observed. We find this
hybridization increasing up to 25% for d = 2.45 A, resulting
in a large bonding-antibonding energy separation, as seen in
the corresponding orbital plots in Fig. 3(d). Note that for
d = 2.73 A orbitals with a predominantly Ir; character are at
higher energies than those of Ir, character, reflecting different
on-site orbital energies. This is a direct consequence of the
difference in the valence configurations of Ir; and Ir, ions and
the Ir; » 5d-O 2p hybridization.

The effect of the low CF symmetry at two different Ir
ions can be estimated by computing the #,, splittings § at
each of the Ir ions from restricted active space (RAS) [48]
calculations where the d orbital occupation at the other Ir
ion is constrained. We find considerably large 1, splittings
of §; = 0.58 and §, = 0.60eV for Ir; and Ir,, respectively.
Such large values compete with the SOC strength of ~0.5eV
of the Ir ions to considerably reduce the effect of SOC, thus
resulting in the modification of the local spin-orbit multiplet
structure.

The scalar-relativistic ground state realized in BasAllr, Oy
is the double-exchange “A; ¢ multiplet [49], an orbitally
nondegenerate high-spin quartet, with wave function *y, =
ald}, d3) + BId;, dS) + y|d7,d3) with o® =0.89, B> =
0.09, and y2 = 0.02, where d' corresponds to n electrons
in Ir; d orbitals. The lowest °7; doublet state is 40 meV
higher with wave-function weights «?> = 0.85, 82 = 0.11, and
y? = 0.02. We further find that the weight of the |d},d5)
configuration in all the excited multiplet wave functions is
greater than 95%. It is interesting to note that excluding all the
configurations involving the hopping of electrons from Ir; to
Ir, and vice versa in the wave function preserve the spin-orbit
spectrum except for an overall shift < 50 meV. The double-
exchange ground state as well as the dominant contribution of
the |d}, d5) configuration imply charge separation within the
dimer units. Further, the natural orbital occupations obtained
from the CASSCEF calculations are close to 4 and 5 for Iry
and Ir, ions, respectively. Thus, we conclude that the two
Ir ions in BasAllr,Oq; host different ionic states—hr?r and
Ir;““—which results in charge ordering within the dimers and
the low-energy excitations are strictly local to individual Ir
ions and not among dimer orbitals.

The SOC results in the admixture of all the 15 nonrelativis-
tic multiplet terms shown in Table I. The addition of angular
momenta of two legr = 1 (legr,1 = legr2 = 1) sites with spins
sy =1/2 and s, = 1 gives rise to 84 effective total angular
momentum (Jei) states. In BasAllr, O, due to the noncubic
CFs, all degeneracies are removed except for the Kramers
doublet degeneracy. From the analysis of the wave functions,
we assign the peaks A-C to excitations from the Ir; Jo = 0
to Jeir = 1 states. Peak F and satellite feature H consist of
excitations from Iry Jogf = 0 to Jogr = 2 and Irp Jogr = 1/2 to
Jett = 3/2 states that are split due to noncubic CFs. Peak G
originates from excitations involving Iry Jer = 0 and Jegr = 2
states as well. Peaks I-K are the result of simultaneous on-site
excitations at Ir; and Ir, ions (see Fig. S5 in SM [24]).

At first sight, an insignificant Ir-Ir intradimer d-orbital hy-
bridization in BasAllr,O;; might be surprising, even though
the distance between the Ir sites is close to that of Ir metal.
However, due to the crystallographic inequivalence of the two
Ir ions in the dimer unit and the different Og arrangement,
the symmetry of split 7,, orbitals at each of the Ir ions is
very different and subsequently little direct overlap is realized.
In fact, for dimer systems with structurally equivalent ions
such as BasInlr,Og [7], we find a considerable hybridization
resulting in delocalized dimer orbitals [50]. It would be inter-
esting to characterize the local electronic structure in other
face-sharing Ir dimer compounds such as Ba;Znlr,Oy and
BasZrlr,Oy [51] where the Ir dimer unit occupancy is eight
and ten, respectively.

III. CONCLUSION

In conclusion, we have measured both Ir L;- and O
K-edge RIXS spectra and observed multiple spin-orbital ex-
citations. Our ab initio QC calculations reproduce very well
the excitation spectrum up to 3.5 eV observed in the RIXS
measurements. We find charge ordering within the Ir dimers
with Ir;>*(d*) and Ir,** (d°) configurations. We have estab-
lished a direct connection between the excitations in Ir,Og
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dimer units and those at individual Ir ions. The appearance
of multiple peaks is a direct consequence of strong noncubic
CFs originating from the distorted octahedral environment
around the Ir ions. In spite of the small intradimer Ir-Ir dis-
tance, the direct d-d hybridization is relatively weak and the
bonding-antibonding splitting is negligible compared to the
noncubic CF splittings. Alternatively, we find increased in-
tradimer configuration mixing due to strong electron-electron
interactions, particularly the |d13 , d26) configuration stabiliz-
ing the ground state. This strongly supports nearly complete
charge ordering within the Ir dimers in BasAllr,O;; and
refutes the suggested formation of dimer orbitals [21]. Our
results highlight the importance of minute details of the crystal
structure to understand the electronic and magnetic properties
of clustered iridates and TM magnets in general and calls for
reinvestigating several already studied materials with accurate
ab initio many-body calculations. Finally, we emphasize that
the combination of RIXS and quantum chemistry calculations
is an excellent tool to unambiguously decipher complicated
electronic structures.
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