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Orbital-Selective Spin-Orbit Mott Insulator in Fractional Valence Iridate La;Ir;0q;
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The combination of strong spin-orbit coupling and Coulomb interactions makes the 5d iridates a unique
platform for realizing novel correlated electronic states. Here, utilizing infrared spectroscopy, we
demonstrate that a robust Mott insulating state persists in the 1/3-hole self-doped system LazIr;Oyy,
evidenced by the collapse of the Drude response and the emergence of sharp excitations across the Mott gap.
Our theoretical calculations reveal that the insulating behavior arises from the cooperative interplay of
structural distortions, spin-orbit coupling, and Coulomb interactions. Specifically, octahedral distortion and
Ir-Ir dimerization split the t,, orbitals, driving the J.;z = 1/2 bands toward half filling while keeping the
Jeir = 3/2 bands away from it. Consequently, electron correlations induce an orbital-selective Mott
transition in the J = 1/2 bands, whereas a band-insulating gap develops in the J.; = 3/2 bands, thereby
stabilizing the unconventional insulating state in La;Ir;O;;. These findings provide new insights into the
design and understanding of the insulating ground state of spin-orbit-coupled iridates.
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Mott insulators, in which insulating behavior arises from
strong electron-electron interactions rather than band filling,
have been a cornerstone of modern condensed matter
physics since their theoretical prediction [1]. They challenge
the conventional band theory, as the insulating gap emerges
from the Coulomb repulsion U dominating over the kinetic
energy W, leading to localized electrons. Doped Mott
insulators, most notably the high-7'. cuprates, have pro-
foundly revolutionized our understanding of quantum
materials by hosting intertwined orders, pseudogaps, and
unconventional superconductivity [2,3]. In 5d transition
metal oxides such as iridates, strong spin-orbit coupling
(SOC) introduces a new dimension to Mott physics. In
compounds like Sr,IrQ,, the interplay between SOC and
Coulomb interactions splits the 7,, orbitals into spin-orbit-
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entangled J = 1/2 and J = 3/2 states, giving rise to a
spin-orbit Mott insulator within the half filled J.; = 1/2
band [4-7]. Analogous to cuprates, tuning this Mott state
via chemical doping [8—11], strain [12—14], and dimension-
ality [15,16] has revealed a rich set of emergent correlated
phenomena, including novel charge and magnetic order
[17-25], pseudogap features [26-28], and possible uncon-
ventional superconductivity [29,30].

A critical question underlying these studies is whether a
Mott insulating state can survive away from half filling. In
conventional single-band Mott systems, as well as in the
Jeig = 1/2 Mott insulators, even weak doping rapidly
suppresses the Mott gap and drives the system into a
correlated metallic state [1-3,8—11]. In multiorbital systems,
additional orbital degrees of freedom enable more intricate
correlation effects, such as orbital-selective Mott physics, as
extensively discussed in iron-based superconductors and
ruthenates [31-38]. Nevertheless, deviations from 3d° or
4d° fillings in these systems typically lead to Hund’s
metallic behavior. Consequently, stabilizing a correlated

© 2026 American Physical Society
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insulating state at noninteger filling remains highly non-
trivial. Beyond orbital degrees of freedom, structural effects
provide an alternative route to reshaping the electronic state
in iridates. For example, lattice distortions of the IrOg
octahedra can lift orbital degeneracies and renormalize
bandwidths, while Ir-Ir dimerization induces strong bond-
ing-antibonding splitting that reconstructs the low-energy
electronic structure [39-52]. Their interplay with strong
spin-orbit coupling and electron correlations creates a
highly entangled landscape in which insulating states
may persist even at fractional fillings.

In this context, the geometrically frustrated iridate
LaIr;O;; provides a particularly compelling platform.
As shown in Fig. 3(g), it crystallizes in a cubic structure
(space group Pn3), composed of a three-dimensional net-
work of Ir, O dimers formed by pairs of edge-sharing IrOg
octahedra. Importantly, all Ir ions are crystallographically
equivalent and carry a uniform fractional valence of Ir*33+
(corresponding to a 5d*%7 configuration) rather than a
mixture of Ir** and Ir>* states [54-56]. This places
LasIr;O;, effectively at 1/3 hole doping relative to a
5d° spin-orbit Mott insulator, a regime where metallic
behavior would typically be expected. Surprisingly, how-
ever, LasIr;O;; shows no evidence of coherent quasipar-
ticle excitations but instead remains insulating [54], posing
a direct challenge to conventional understanding of doped
Mott systems.

In this Letter, we investigate the origin of this unconven-
tional insulating state through optical conductivity mea-
surements combined with first-principles calculations. We
show that La3Ir;Oq; hosts a robust correlated insulating
state, characterized by the collapse of the Drude response
and the emergence of sharp low-energy excitations. Our
theoretical analysis reveals that distortions within the
Ir,0¢ dimers split the 7,, manifold in an orbital-selective
manner, bringing the J = 1/2 bands close to half filling
while pushing the J.; = 3/2 bands away. The resulting
coexistence of a Mott gap in the J.; = 1/2 bands and a
band gap in the J.; = 3/2 bands stabilizes a spin-orbit-
assisted, orbital-selective insulating state at fractional fill-
ing in LagIr;Oy;.

Sample synthesis, experimental methods, and details of
Drude-Lorentz analysis and theoretical calculations are
provided in Supplemental Material [57].

Figure 1(a) displays the temperature-dependent reflec-
tivity spectra of LazIr;Oq; up to 0.3 eV. The inset of
Fig. 1(a) shows the reflectivity at 300 K for the entire
measured spectral range. At room temperature, the reflec-
tivity exhibits a plasma edge below 0.05 eV, accompanied
by a prominent bump feature around 0.13 eV. With
decreasing temperature, the plasma edge shifts to lower
energies and eventually disappears below 50 K, while the
bump feature becomes more pronounced. In addition to
these gross electronic features, a series of infrared-active
phonon modes is present in the far-infrared region, which

becomes sharper and more prominent at lower temperatures
because of the reduced electron screening. Similar phe-
nomena are frequently observed in the context of the metal-
insulator transition in various correlated materials [68,69].
Overall, the significantly decreased or absent plasma edge,
along with the prominent phonon behavior, points toward
an insulating nature of electrons at low temperatures.

Figure 1(b) depicts the temperature dependence of the
optical conductivity (@) of LasIr;O;; up to 0.3 eV. The
low-energy o (@) presents a Drude-like peak (labeled as D)
with o1 (@ — 0) ~ 800 Q' cm™! at T = 300 K. Moving to
higher frequencies, there is a broad absorption peak
(labeled as «a) centered around 0.13 eV, consistent with
the observation from the previous reflectivity spectrum. As
the temperature decreases, the Drude-like peak gradually
loses its spectral weight (SW), with o1 (@ — 0) decreasing
in correlation with the inverse of the resistivity observed in
transport. Meanwhile, the @ peak gains more SW while
maintaining a relatively unchanged peak position. Below
~50 K, the Drude response is entirely quenched, resulting
in an optical gap below approximately 0.06 eV. Notably, at
low temperatures, a distinct shoulder feature (labeled as M)
appears around 0.09 eV. The inset of Fig. 1(b) highlights the
temperature evolution of the three features by showing the
temperature dependence of o (w) at their peak positions.

Figure 1(c) shows the temperature-dependent o, (w) up
to 1.2 eV. In this range, the spectrum features a double
peak structure, denoted as a and . A direct comparison of
o1 (w) for LasIr;Oy; with the 54° iridates Sr,IrO, [11],
St3Ir, 05 [27], and SrlrO5 [53] is presented in Fig. 1(d), all
of which display similar features. In Sr,IrO,, as illustrated
in Figs. 1(e) and 1(f), the on site Coulomb interaction
U can split the half filled J.; = 1/2 bands into a lower
Hubbard band (LHB) and an upper Hubbard band (UHB),
thus opening a Mott gap. In this context, the o peak arises
from LHB — UHB transitions, while the /3 peak originates
from J = 3/2 — UHB excitations [5,6,70]. As shown in
Fig. 1(d), both the a and § peak positions (E, and Ej)
decrease systematically from Sr,IrO, to SrIrO;, reflecting
increasing bandwidth (W) [15,70], since A «x U —aW,
with AE, (0.43 eV) being roughly twice AEj (0.27 eV), as
sketched in Figs. 1(f) and 1(g). In La3lr;0y;, the a and S
peaks nearly coincide with those of SrlrOs;, implying
comparable J. = 1/2 bandwidths. However, unlike the
semimetallic SrlrO5, LasIr;O;; develops an optical gap,
and its a peak is strikingly sharper, indicating low-energy
excitations associated with quasi-flat bands stabilized by
strong electron correlations. These observations suggest
that the o and f features in LasIr;O;; share the same
underlying physics as in Sr,IrOy, as sketched in Figs. 1(f)
and 1(h), with the robust Mott correlations underpinning
its insulating state in LazIr;Oy;.

The role of Mott correlations is further evident by the
SW analysis, quantified by S(w, T) = [ 01(@, T)dw. This
analysis allows us to identify the nature of the insulating
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FIG. 1. (a) Temperature-dependent reflectivity R(w) of Las3Ir;O;; up to 0.3 eV. The dashed line represents the corresponding low-

energy extrapolation. Inset: spectrum up to 3 eV at 300 K. (b) Temperature-dependent optical conductivity up to 0.3 eV. Symbols on the
y axis denote dc conductivity values at corresponding temperatures from transport data. (c) Optical conductivity up to 1.2 eV to show the
spectral changes at high frequencies. Inset: the energy dependence of spectral weight at several selected temperatures. (d) Comparison of
o1 (w) between LazIr;0;, and the 5d° iridates Sr,IrO, [11], Sr3Ir,O; [27], and SrIrO5 [53] at 10 K. (e)—(h) Diagrams of density of states

for different materials.

state, “like band insulator or Mott insulator” [71]. The
energy dependence of S(w,T) at several representative
temperatures is showed in the inset of Fig. 1(c). With
decreasing temperature, the free carrier response is com-
pletely quenched at low temperatures, while the lost SW
does not fully recover within the a peak energy scale.
Instead, it redistributes over a broad energy range, extend-
ing beyond 1.5 eV, which is comparable with the energy
associated with the local on site Coulomb interaction U of
Ir 5d orbitals [72]. Thus, the observed anomalous SW
transfer can be attributed to the “Mottness” of this system
in La3Ir3011.

To better illustrate the temperature evolution of various
components in the o () spectra, we employ the Drude-
Lorentz model to fit the data (see details in Supplemental
Material [57]). As shown in Fig 2(a), after subtracting the
phonon modes, the low-energy o () can be decomposed
into three components: the Drude response (D), the shoulder
feature (M), and the a excitations. Figures 2(b)-2(d) show
the temperature dependence of SW for each component.
Obviously, the SW of the M and @ components increases
with decreasing temperature, while the SW of the Drude

response diminishes. Moreover, the accumulated SW of the
M and a excitations exceeds the SW lost by the Drude
response, indicating that additional SW is transferred from
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FIG. 2. (a) Drude-Lorentz fits applied to o;(w) spectra. (b)—
(d) Temperature dependence of spectral weight for different
components. AS(T) = S(T) — S(300 K) represents the differ-
ence in spectral weight relative to the value at 300 K.
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(d) dimerization and octahedral distortion, and (e),(f) dimerization, distortion, and spin-orbit coupling (SOC). (g) Crystal structure of
La3Ir;Oy; and the Ir,O;, dimer structure. (h) Orbital-energy-level diagram for the IrO4 octahedra under various conditions. (i) DOS
schematics within the J framework for La;Ir;O;; under the corresponding conditions. (j) Comparison between the experimental and

calculated optical conductivity o (w).

higher energies, which also aligns with our previous
analysis.

Based on the above experimental results and discus-
sions, we establish that the insulating state and the sharp «
peak arise from the excitations across Mott-Hubbard
bands. Nevertheless, two key puzzles immediately arise.
First, how can LasIr;O;; maintain a robust Mott insulating
ground state at a fractional filling of Ir 54*%7, which
naturally favors a metallic state? Second, what is the origin
of the shoulder feature (M) observed within the Mott gap?
These issues indicate that the correlated insulating state in
La;Ir;Oy; is unconventional and cannot be fully explained
by a single-band Mott-Hubbard framework. Regarding the
origin of the M mode, several possibilities can be
excluded. In-gap states are unlikely, as such excitations
typically gain SW from the main Mott excitations (the «
peak), as observed in Sr,Ir;_,Rh, O, [11], in clear contra-
diction with our experimental observations in LaIr;Oq. A
magnetic origin, such as exciton and magnon sideband
absorptions observed in rare-earth iridates [73], is also
improbable, given the absence of long-range magnetic
order in Lazlr;Oq; [54].

To further elucidate the origin of the insulating state and
low-energy excitations in LasIr; Oy, we performed system-
atic band calculations under various conditions (see Sec. C

of Supplemental Material [57]). These calculations allow us
to disentangle the distinct roles of dimerization, octahedral
distortion, spin-orbit coupling, and electron correlations,
and to clarify how their cooperative interplay stabilizes the
observed insulating state. We first examine the structural
effects. In the absence of SOC and electron correlations, as
shown in Figs. 3(a)-3(d), the system exhibits a metallic
electronic structure, with states near the Fermi level domi-
nated by Ir 7,, orbitals due to the octahedral crystal-field
splitting. The formation of Ir,O;, dimers gives rise to a
pronounced bonding-antibonding splitting of the #,, orbitals
[Figs. 3(a) and 3(b)], reflecting the molecular-orbital char-
acter imposed by the dimerized units. When the exper-
imentally observed octahedral distortion (compressed along
the z axis) is included [Figs. 3(c) and 3(d)], the 1,
degeneracy is further lifted: the d,,/d,, orbitals are shifted
to higher energies and become less occupied, whereas the
d,, orbital is pushed to lower energies and becomes more
occupied. This progressive orbital reconstruction, driven by
crystal-field, octahedral distortions and dimerization, is
schematically summarized in Fig. 3(h).

When SOC is explicitly included, the system evolves into
a compensated semimetal, featuring hole pockets at the I"
and electron pockets at R, as shown in Figs. 3(e) and 3(f).
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Analysis in the Jz basis reveals two consequences pro-
moted by octahedral distortion, as compared in Fig. S6 in
Supplemental Material [57]. First, the separation between
the Jop = 1/2 and J = 3/2 manifolds is significantly
enhanced. Second the J; = 1/2 bands are driven close to
half filling (12.8/24 electrons). The nearly half filled
condition naturally amplifies the susceptibility of the
Jor = 1/2 bands to an orbital-selective Mott transition.
At the same time, the distortion opens a small semi-
conducting gap within the J.4 = 3/2 bands. Within this
J it framework, the electronic evolution of La;Ir;O¢; can be
summarized schematically in Fig. 3(i): dimerization estab-
lishes the basic bonding-antibonding structure and sup-
presses the density of states near the Fermi level; octahedral
distortion enhances orbital differentiation and drives the
Jor = 1/2 bands toward half filling; electron correlations
then selectively act on this nearly half filled sector to open a
Mott gap. Indeed, when correlations are included via
generalized gradient approximation with spin-orbit cou-
pling and Hubbard U parameter (GGA + SOC + U) cal-
culations (Fig. S7 in Supplemental Material [57]), the
residual density of states at the Fermi level is removed
and a global insulating gap opens. The resulting ground
state is therefore characterized by a Mott gap in the J; =
1/2 bands coexisting with a band gap in the J.; = 3/2
bands, stabilizing the unconventional insulating state
in Lazlr;Oy;.

This dual-gap electronic structure naturally accounts for
the optical response. As shown in Fig. 3(j), the calculated
optical conductivity reproduces the main experimental
features, albeit with broader peaks and a systematic blue-
shift due to the underestimation of correlation-induced
bandwidth renormalization in density-functional theory
with Hubbard U parameter (DFT + U) calculations [70].
Within coexistence of Mott and band gaps, the low-energy
optical response of LasIr;O;; can be qualitatively decom-
posed into two components: (i) Mott-gap excitations of the
Jeig = 1/2 bands, which give rise to the sharp a peak
(magenta shading), and (ii) interband excitations across the
gap in the J ¢ = 3/2 bands, responsible for the shoulder
(M mode) and the broad background beneath the a peak
(light-blue shading).

Finally, we discuss the implications of our Letter. At the
materials level, the relatively large bandwidth in LasIr; Oy
places the ratio U/W close to the critical value for a Mott
transition, making the insulating state highly sensitive to
external parameters such as temperature. As a result,
pronounced SW transfer between the Mott gap and
Drude-like excitations is observed. In addition, variations
in sample growth conditions can effectively tune lattice
distortion or carrier filling, potentially driving the system
back into a semimetallic state, as reported in previous
studies in LazIr;O;; [55]. Such high tunability establishes
La3Ir;0;; as a promising platform for controlling
correlated quantum phases. More fundamentally, our

findings extend the paradigm of Mott insulating behavior
in spin-orbit-coupled systems beyond half filled single-
band models. We demonstrate that orbital-selective corre-
lations can stabilize a Mott-insulating J. = 1/2 band
coexisting with a band-insulating J.; = 3/2 background,
even at fractional valence. The cooperative interplay of
structural distortions, SOC, and multiorbital correlations
thus provides a general route to unconventional insulating
states. In this context, our Letter is consistent with recent
theoretical proposals of orbital-selective Mott physics in
spin-orbit-coupled multiorbital systems [74,75] and sug-
gests new strategies for engineering novel quantum phases
in correlated materials.
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