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Covalency-driven collapse of strong spin-orbit coupling
in face-sharing iridium octahedra
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We report ab-initio density functional theory calculation and Raman scattering results to explore the electronic
structure of BasCulr3O12 single crystals. This insulating iridate, consisting of face-sharing IrOs octahedra
forming quasi-one-dimensional chains, cannot be described by the local jeg = 1/2 moment picture commonly
adopted for discussing electronic and magnetic properties of iridate compounds with IrOg octahedra. The shorter
Ir-Ir distance in the face-sharing geometry, compared to corner- or edge-sharing structures, leads to strong
covalency between neighboring Ir. Then this strong covalency results in the formation of molecular orbitals
(MO) at each Ir trimers as the low-energy electronic degree of freedom. The theoretically predicted three-peak
structure in the joint density of states, a distinct indication of deviation from the jeg = 1/2 picture, is verified by
observing the three-peak structure in the electronic excitation spectrum by Raman scattering.

The competition between covalency and electron correla-
tions is a core concept in the study of the Mott physics [1]. A
canonical example is the contrast between the Mott insulating
and metallic behaviors of 3d and 4d transition-metal oxides
(TMOs), respectively. In these systems, the Mott phases in
3d TMOs are attributed to the smaller covalency of 3d or-
bitals, i.e. smaller overlap integrals and the resulting stronger
Coulomb repulsion [2], while the enhanced covalency and
weaker Coulomb repulsion in 4d TMOs lead to metallicity [3—
51

An interesting twist to the above simplistic picture happens
in 5d TMOs, especially in iridate compounds with quasi-two-
dimensional layered structures [6-9] where insulating behav-
ior with local magnetic moments were found. The key to this
puzzle was found to be the presence of the strong spin-orbit
coupling (SOC) in the Ir 5d orbital. Namely, SOC introduces
splitting of the broad 5d bands into narrow subbands and
forms spin-orbital-entangled local moments identified with
the effective total angular momentum jg = 1/2 [10, 11]. Since
then, the jog = 1/2 scenario has become a cornerstone in the
study of correlated phases in 5d TMOs, and various theo-
retical suggestions of potential novel quantum phases such
as high-T, superconductivity [12, 13] or quantum spin liquid
phases have been made based on this picture [14—16].

A critical necessary condition for the jeg =1/2 picture is
the presence of (pseudo-)cubic IrOg octahedra, as shown in
Fig. 1(a), where the Ir ¢y, orbital (lex = 1) splits into the
Jeft =1/2 and 3/2 subspaces. Introducing non-cubic crystal
fields can mix the two jeg subspaces and break the SU(2)
symmetry of the jog = 1/2 pseudospin. In various iridate com-
pounds, however, such non-cubic distortions of IrOg octahe-
dra were found to be not strong enough to qualitatively change
the jog picture [17-20], except in a small number of examples
where the non-cubic distortions are exceptionally huge [21].
Hence the belief for the validity of the j.g scenario in gen-
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FIG. 1. Three representative local geometries consisting of IrOg
octahedra and their schematic energy-level diagrams. (a) depicts
corner- and edge-sharing geometries where the size of spin-orbit cou-
pling (SOC) Aso is larger than the covalency between neighboring Ir
Sd-orbitals. (b) shows a face-sharing local geometry, where the Ir-O
bond length is shorter compared to the other two cases so that the
strength of d-d-covalency tqq can overcome SOC. Schematic energy
level diagram for each case, the conventional atomic jeg-picture and
a trimer molecular-orbital (MO) picture for (a) and (b) respectively,
are represented.

eral iridates has become strengthened, and it has been adopted
even in situations where the applicability of the scenario is not
rigorously justified [22].

In this Rapid Communications, we study a material in
which the local jo.r moment picture breaks down, and the
quenching of the SOC splitting occurs not because of the
non-cubic crystal fields, but because of the covalency between
neighboring Ir d orbitals. The main message of this work is
illustrated in Fig. 1, where the three representative local ge-
ometries consisting of IrOg octahedra — corner-, edge-, and
face-sharing structures — are depicted. In terms of covalency,
a critical difference between the three structures is the bond
length between the nearest-neighboring Ir sites, which deter-
mines the strength of the Ir d-d direct overlap integral ¢4 [23].
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FIG. 2. BasCulrsO;2 crystal structure employed for the ab-initio
calculations. Copper atoms are at the center of the prism face.

While t44 tends to be smaller than the size of SOC (Agp) for
the corner- and edge-sharing geometries (Fig. 1(a))[24], it can
be stronger than Ago for the face-sharing structures because
of the shorter Ir-Ir distance. In such cases, the neighboring
Ir sites should form molecular orbitals (MO) as depicted in
Fig. 1(b). Therefore the jog = 1/2 local moment picture in the
face-sharing geometry breaks down and the effects of SOC
and Coulomb interactions should be considered based on the
MO description.

By combining Raman spectroscopy measurements and ab-
initio theoretical analyses, we study a mixed 3d-5d insula-
tor BasCulrsO;2 for which the jog = 1/2 approach breaks
down [25, 26]. In this compound, sequences of trigonal pris-
matic and octahedral transition metal sites run in chains par-
allel to the crystallographic z-axis, with Ba atoms located be-
tween the chains [Fig. 2]. Ab-initio calculations and a tight-
binding (TB) analysis yield a MO description of the elec-
tronic structure originating from the face-sharing geometry
as depicted in Fig. 1(b), and predict a three-peak structure in
the joint density of states (JDOS). Raman scattering, a tech-
nique successfully used to study electronic excitations in iri-
date compounds [27], verifies this prediction. We observe
one strong and sharp excitation at 0.58 eV, and two weak fea-
tures at 0.66 and 0.74 eV. It should be noted that such a three-
peak structure is not observed in systems with well-defined
Jeft = 1/2 local moments [27].

We identify the structural motif for BasCulr3O2 to be
the three face-sharing IrOg octahedra forming an Ir trimer as
shown in Fig. 1(b) and Fig. 2. If the intra-Ir-trimer hybridiza-
tion dominates SOC, the three Ir 5, orbitals at the trimer sites
split into nine MOs [Fig. 3(a)]. Among those, the atomic a;
singlet at each site gives rise to the strongest o-type overlap
between neighboring Ir sites; while the other e'g doublets lead
to weaker 7- or d-like overlaps. Such scenario can be tested
by constructing a simple TB model and comparing the results
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FIG. 3.  (a) Energy level diagram showing the splitting of the Ir
tag states in an Ir trimer into MO states. Here o/7/§, &/7 /5, and
o /7" /8" denote bonding, nonbonding, and antibonding states, re-
spectively. Electrons in fully filled states are represented by circles,
while magnetically active electrons are represented by arrows. (b,c)
Projected DOS from the simple tight-bonding model for Ir trimers
(b), and from ab-initio calculations without SOC and magnetism (c).
The color scheme for the orbital character is the same in (a-c).

with those from DFT calculations. For the TB model, as a
first-order approximation, we assume a three-fold symmetry
along the z direction and ignore the Cu-Ir hybridization. Af-
ter this simplification, just four free parameters are left for the
Ir trimer model where the parameters are tuned to fit the DFT
DOS afterwards [28]. Note that, because this is a test for the
molecular orbital picture, SOC and the on-site Coulomb inter-
actions are not considered at this stage.

Fig. 3 presents the comparison between the TB model
and the DFT results, where Fig. 3(a), (b), and (c) show the
schematic TB energy diagram, TB DOS, and DFT DOS re-
spectively. Both the a4- and e'g—derived MO states, depicted
in blue and red in Fig. 3, show bonding (o /7 /¢), nonbonding
(/7 /0), and antibonding ¢* /7*/6* characters [Fig. 3(a)].
Remarkably, the DOS from the simple 4-parameter-model
agrees quite well with the DFT DOS; features of the DOS
obtained from DFT calculations are consistent with those de-
rived from the TB analysis, especially that the nonbonding
/7 /6-MOs are located only at the two ends of the trimer
[Fig. 3(b) and (c)]. The bonding-antibonding splitting be-
tween the o- and 0*-MO is 2.5eV, much larger than the
strength of SOC (0.4eV) [10]. Therefore the intra-Ir-trimer
hybridization indeed dominates SOC.

Since the size of MO splitting is large, we only need to
consider the effect of SOC near the Fermi level. Fig. 4 il-
lustrates how SOC and the Coulomb interaction induce a spin



polarization within the o* /7* /§* MOs and in turn open a gap.
First the Coulomb interaction induces a ‘high-spin-like’ con-
figuration by fully polarizing the spins within the 7*/0* and
o* states. Then, because the 7* /§* MOs carry atomic orbital
angular momenta [Z; ==+ 1, SOC functions as an orbital Zee-
man field that splits the 7*/5* MOs [compare Fig. 4(a) and
(b)]. A three-peak structure therefore appears in the unoccu-
pied sector as shown in Fig. 4(c) where the alg/e’g—projected
DOS from the DFT+U [29] calculation with SOC included is
plotted. The three peaks, «, (3, and +y in the JDOS from the
DFT+U result [Fig. 4(d)] originate from the transitions from
the highest occupied MO state with jZ; =0 to the unoccupied
MO states with jZ; = +1/2, 0, and —3/2, respectively. Note
that the inclusion of U tends to recover the local atomic pic-
ture by mixing MO states, as shown in Fig. 4(c), where there
is a small mixture among the jZ; = +1/2, 0, and —3/2 MO
states. This effect, however, does not qualitatively affects the
above MO description.

To confirm the predicted three-peak structure in the elec-
tronic excitation spectrum, we perform Raman-scattering
measurements in a quasi-back-scattering geometry from the
(100) crystallographic surface of BasCulr;O;, single crystal
grown by flux method [see Supplementary Materials for de-
tails of sample preparation and Raman scattering]. We use
476.2nm line from a Kr* ion laser for excitation. Incident
light with ~10 mW power is focused to a 50x 100 gm? spot.

Fig. 5 shows the Raman spectrum measured at 25 K. The
sharp features at 17, 41 and 84 meV are phonon modes [see
Supplementary Materials for the low-energy Raman spec-
trum]. The two peaks at 130 and 170 meV result from second-
order phonon scattering (41+84 meV and 84 + 84 meV, re-
spectively). The broad feature centered at 240 meV, weaker
and broader than the second-order phonon scattering peaks, is
attributed to third-order phonon scattering (84 + 84 + 84 meV).

Importantly, three high-energy electronic excitations at
0.58, 0.66 and 0.74eV are resolved. The high-energy Ra-
man spectrum exhibits the general trends of the JDOS from
DFT+U. The high-energy gap in the Raman spectrum is about
0.55eV, while it is 0.70eV in the JDOS. The three peaks in
the Raman spectrum are evenly spaced, with a separation of
0.08 eV; those in the JDOS are also evenly spaced but with a
0.2 eV separation. One possible reason for the smaller split-
ting in experimental spectrum compared to the DFT+U JDOS
peak splitting can be a stronger mixing between the [Z; =+ 1
and 0 antibonding MO states near the Fermi level in the real
system. This mixing reduces the expectation value of SOC
energy and in turn decreases the separation. Another thing to
mention is, while in the JDOS all the three peaks have similar
spectral weight, in the Raman spectrum the 0.58 eV peak is
much stronger than the other two. This could be attributed to
the matrix element effect.

The three-peak structure in the DFT+U JDOS and in the
Raman measurement is a distinct feature indicating devia-
tion from the jog = 1/2 picture. Simple jeg = 1/2 picture pre-
dicts up to two high-energy transition peaks, because non-
cubic crystal fields just induce splitting of the fully occu-
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FIG. 4. (a) Schematic diagram showing the MO levels with SOC
and U not included. The [Zg eigenvalues are given. (b) Schematic
diagram showing the MO levels with SOC and U included. The Jg
eigenvalues are given. (c) Projected DOS from DFT+SOC+U calcu-
lations for the a1, and e’g states at Ir sites. (d) The joint DOS (JDOS)
showing a three-peak structure («, 3, and ).

pied jeg =3/2 quartet [10, 18]. On the contrary, our three-
peak structure in BasCulrsO;5 comes from the strong Ir-Ir
hybridization in the face-sharing IrOg octahedral geometry
and the resulting formation of MOs. We note that in other
compounds with similar face-sharing geometries with alter-
nating 3d and 5d transition metal ions such as Sr3NilrOg [30]
or Sr3CulrOg [20], two-peak structures are observed in their
Jeft-excitation spectra [18]. This implies that, although the
size of non-cubic distortions is large in these compounds,
still the local j.g =1/2 moment picture remains effective be-
cause of the reduced covalency between the 3d and 5d orbitals
as suggested in a recent ab-initio study for Sr3NilrOg [31].
We also comment that there is another theoretical study on
BalrO3 [22], consisting of the same face-sharing Ir3O;2 octa-
hedral trimers like Ba;Culr3O;5. A similar three-peak struc-
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FIG. 5. Raman spectrum x"'(w) at 25 K. Sharp features below

0.1eV are phonon modes; the two peaks at 0.13 and 0.17eV re-
sult from second-order phonon scattering while the broad feature at
0.24 meV originates from third-order phonon scattering. The three
high-energy electronic excitations at 0.58, 0.66 and 0.74 eV are la-
beled by a, 3, and y respectively, corresponding to the labeling in
Fig. 4(d).

ture in the upper Hubbard band (UHB) was reported therein,
but it was speculated that the UHB states still retain the
Jeff = 1/2 character, which seems to require a more rigorous
justification.

As for possible magnetism in this compound; from the pro-
jected DOS plotted in Fig. 4(b) and (c), we identify three
magnetically active states; a o* state with mostly a4 (IZ; =0)
character mainly located at Ir 2 site, and two 7* /§* states with
the e;, character (IZ; ==+ 1) at Ir 1 and 3 sites. The strong SOC
within the Ir d-orbital then behaves as a single-ion anisotropy
to the electron spins filling the IZ; =41 MO states, locking
the spins parallel to the z-direction. Spin in the IZ; =0 MO
state, on the other hand, has little single-ion anisotropy due to
the vanishing orbital angular momentum. The spin moments
at Cu sites are also isotropic, so this compound should have
three different kinds of spin moments: isotropic Cu spins,
isotropic Ir spins at Ir 2 sites, and anisotropic Ir spins at Ir
1 and 3 sites locked along the z-direction. Because all the Ir
spins are occupying the MO states, rather than behaving as the
Jeft = 1/2 local moments, they may show distinct low-energy
magnetic properties compared to previously known magnetic
iridate compounds. For future studies, interesting questions
about the outcome of MO formation can be posed, for exam-
ple on the form of exchange interactions and the spectrum of
low-energy magnetic excitations.

Our study on the face-sharing iridate Ba;Culr;O;5 demon-
strates the breakdown of the SOC-based j.g = 1/2 physics, and
reveals the MO nature of the electronic structure originating
from the strong intermetallic d-d direct overlap. A similar sce-
nario, leading to the formation of benzene-ring-shaped quasi-
molecular orbitals (QMO) driven by 7-like d-p overlap, was
suggested for NagIrOg [32]. In NagIrOs, the d-p overlap pre-
serves the three-fold symmetry of the Ir £o, orbitals, hence the
inclusion of SOC and U induces a crossover from the delo-

calized QMO to the local jeg =1/2 moment picture [33]. In
Bas;CulrsOq2, on the contrary, the direct overlap ¢, is not
only huge but also explicitly breaks the degeneracy of the Ir
tog orbitals, resulting in a completely different MO descrip-
tion. Overall, this work suggest a peculiar relation between
the crystal structure and the nature of electronic degree of
freedom in 5d iridate and other transition metal compounds,
which can be useful in search of novel correlated materials.
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Computational details
Ab-initio simulations

For our ab-initio simulations, we first assume a crystal
structure with no disorder in Cu positions, that Cu are lo-
cated at one of the three equivalent prismatic facial positions
as shown in Fig. 2 in the main text. Further, no Cu-Ir inter-
mixing is considered. The unit cell contains 6 formula units,
i.e. three Ir-Cu chains. It should be commented that, for a bet-
ter reproduction of the experimentally measured spectra one
may need to take an average over ab-initio calculations from
all possible orderings of Cu to restore the three-fold rotation
symmetry along the chain direction. For a qualitative under-
standing of the high-energy spectra, however, the current re-
sult from the choice of Cu ordering shown in Fig. 2 in the
main text seems to be enough.

The Vienna ab-initio Simulation Package (VASP), which
uses the projector-augmented wave (PAW) basis set [36, 37],
was employed for structural optimizations and electronic
structure calculations. 400 eV and a I'-centered 3x3x3 k-
point grid were used for the plane wave energy cutoff and
the k-point sampling, respectively. A revised Perdew-Burke-
Ernzerhof generalized gradient approximation for crystalline
solids (PBEsol) was chosen for the exchange-correlation func-
tional [38], and 10~2 eV/A of force criterion was used for
the structural optimization. A simplified rotationally-invariant
form of DFT+U method [29] was employed to treat the on-site
Coulomb interaction both at Cu and Ir sites with the spin-orbit
coupling (SOC) included.

Tight-binding model

Assuming the three-fold rotational symmetry along the
chain direction (i.e. ignoring the IrOg octahedral distortions
other than the trigonal one), and also assuming the Ir-Ir hy-
bridizations are dominating those from Ir-Cu (this choice is
justified by DFT calculations which show small hybridiza-
tion between Ir and Cu d-orbitals), the three-site tight-binding
model can be written as follows,

0 Aui Awi| t1 ta ta | 0
Api 0 Agi| t2 1 ta | 0
Agi Dgri 0 | ta ta 1 | O

t1 ta ta | €on Aui Awi| t1 t2 1o

Hrg=| to t1 ta |[Aui €n Aui| t2 t1  t2
ta  ta t1 |Aupi Awi €n | B2 ta 1
0 0 0 |t to ta| 0 Aui A
0 0 0 to  t1 ta | A 0 Ay
0 0 0 to to t1 | A Ay O

where ¢ and to are nearest-neighbor hopping integrals be-
tween the same and different kinds of Ir Z9, orbitals respec-
tively, A, is the on-site trigonal crystal field within the ¢,
complexes, and €., is the on-site energy difference between

the central and lateral Ir. The projected density of states in
Fig. 3(b) in the main text was calculated by choosing t; = -
0.43 eV, to = -0.20 eV, Ay = -0.12 eV, and €,,, = -0.3 eV,
which yielded qualitative agreement with the ab-initio results
as discussed in the main text. Note that, if we take the unitary
transform to the trigonal basis set (a1, and e’g states), the o-
like overlap between the a4 states becomes ¢; + 25 = -0.83
eV, twice larger than the SOC of Ir (Ago ~ 0.4 eV), supporting
the molecular-orbital scenario.

Experimental details
Material preparation

Single crystals of BasCulrsO;5 are grown by flux method;
details of growth and characterization will be published sep-
arately. This material has a trigonal structure (space group
P3cl, No.158; point group C's,,) [25, 26]. The sample is pol-
ished with a lapping film (1 micrometer, Buehler) and is sub-
sequently annealed at 650 °C in air to remove residual strain.
Its annealed (100) crystallographic surface is then used for
Raman measurements.

Raman scattering

Raman-scattering measurements are performed in a quasi-
back-scattering optical setup. The 476.2 nm line from a Kr™
ion laser is for excitation. Incident light with ~10 mW power
is focused to a 50 x 100 zm? spot on the (100) crystallographic
surface. Environmental temperature of 20K is achieved in
a helium-gas-cooled cryostat, and the laser heating is as-
sumed to be 0.5 K/ mW. We use a custom triple-grating spec-
trometer and a liquid-nitrogen-cooled charge-coupled device
(CCD) detector for collection and analysis of the scattered
light. The data are corrected for the system background
and the spectral response. The measured scattering inten-
sity I(w,T) is related to the Raman response x”(w,T) by
I(w, T) =[1+n(w,T)]x"(w,T), where n is the Bose factor,
w is Raman shift and T is temperature.

Low-energy Raman spectrum

Fig. S6 shows the low-energy Raman spectrum of
Ba;Culr3O; 4 at 25 K. The sharp features at 17, 41 and 84 meV
are identified as phonon modes. The 17 meV mode primar-
ily involves motion of Ir atoms, and the 84 meV mode is de-
rived from vibration of O atoms. The broad feature centered
at 40 meV could be a bundle of phonon modes related to the
motion of Ba atoms. The two weak features at 60 and 78 meV
are also likely phonon modes.
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FIG. S6. Raman response X"/ (w) of BasCulrsO12 at 25K.



