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When spin-orbit coupling meets local lattice distortions in Mott-like
insulator iridates: The case of Sr,IrO,
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Focusing on Sr,IrO4 as a model system, we investigate the poorly understood role of local lattice distortions in
governing the unusual electronic properties of Mott-like insulating iridates. Using total x-ray scattering combined
with structural modeling, we find no evidence for the previously proposed lowering of the average crystal sym-
metry. Instead, we uncover previously overlooked local lattice distortions that create two distinct IrOg-octahedral
layers already in the room-temperature paramagnetic insulating phase, thereby breaking the crystal symmetry
locally rather than globally. Density functional theory calculations based on the experimentally determined
structures show that the progressive strengthening of the local distortions with decreasing temperature may
account for the enhanced band gap observed in the weakly ferromagnetic insulating phase. Our findings highlight
the importance of local lattice distortions in shaping the electronic ground state of Sr,IrO, and point to a broader
role for hidden distortions and local symmetry breaking across Ir-based spin-orbit-coupled materials.
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Introduction. Transition-metal (TM) oxides have long
served as exemplary systems for exploring the interaction
between lattice, charge, spin, and orbital degrees of freedom
in correlated electron systems. In the first- and second-row
transition series (3d and 4d oxides), strong electron-electron
interactions and crystal-field effects give rise to a plethora
of emergent phenomena, including high-temperature super-
conductivity in cuprates and colossal magnetoresistance in
manganites. In contrast, the third transition series (5d) oxides
present a unique case in the periodic table where the spa-
tially extended 5d orbitals lead to decreased on-site Coulomb
repulsion (Hubbard U) but significantly increased spin-orbit
coupling (SOC). The competition between the two effects
promotes unusual ground states that are not easily classified
within the conventional Mott or band-insulator paradigms.

Among 5d TM oxides, iridates have emerged as particu-
larly fascinating systems because key interactions—such as
spin-orbit coupling, electron correlations, and crystal-field
effects—occur on comparable energy scales [1-10]. A pro-
totypical example is Sr;IrO4, where the octahedral crystal
electric field (CEF) effects split the degenerate 5d orbitals into
I, and e, states and strong SOC further splits the ,, man-
ifold into two energy levels with effective angular momenta
Jett = 1/2 (doublet) and Jer = 3/2 (quartet), forming narrow
bands. Since the Ir** ions provide five 5d electrons, four of
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them fill the lower-energy Jeif = 3/2 band, and one electron
partially fills the Jof = 1/2 band where the Fermi level, Ey,
resides. Effectively, this turns Sr,IrO4 into a half-filled band
system that may be naively expected to show metallic behav-
ior. Indeed, the isostructural compound Sr,RuQy (4d?) system
is a Fermi liquid metal [11]. Unexpectedly, however, SryIrO4
(5d°) is an insulator [8,12-21]. The current understanding is
that this is because a moderate U is sufficient to split the nar-
row Jer = 1/2 band and open a Mott-like gap supporting an
insulating behavior. At this point, it is natural to consider that,
largely, SOC determines the unusual ground state of SrIrOy.
Theoretical and experimental studies [22—-27], however, sug-
gest that it is also strongly influenced by the material’s highly
adaptable crystal structure.

As is typical for 4d and 5d TM oxides of the Ruddlesden-
Popper series Sr,11TM,,03,41 (with n = 1), SrIrO4 consists
of single layers of corner-sharing IrOg octahedra stacked
along the ¢ axis of a tetragonal lattice, where Sr atoms oc-
cupy the open space between the layers. Similar to Sr,RuOy,
an ideal Sr,IrO4 may be expected to exhibit /4/mmm space
group (S.G.) symmetry, in which the IrOg octahedra are
elongated along the ¢ axis of the crystal lattice but neither
tilted nor rotated [28]. While such a structure may be sta-
bilized at high pressure and temperature, room-temperature
Sr,IrO4 adopts a tetragonal 14;/acd structure [29], where the
octahedra are both elongated and exhibit antiphase rotations
about the ¢ axis (see Fig. 1). These rotations strongly influ-
ence the electronic properties of SryIrOy4. In particular, the
octahedral rotations allow the appearance of antisymmetric
Dzyaloshinskii-Moriya interactions that induce spin canting
leading to the appearance of a weak ferromagnetic (WFM)
component in the nominally antiferromagnetic phase set-
ting in below 77 = 240 K [28-31]. Two additional magnetic

Published by the American Physical Society


https://orcid.org/0000-0001-8276-8096
https://orcid.org/0000-0001-5475-0040
https://orcid.org/0000-0002-6392-7589
https://ror.org/02xawj266
https://ror.org/0066qbn28
https://ror.org/02ex6cf31
https://crossmark.crossref.org/dialog/?doi=10.1103/g3cv-g5zj&domain=pdf&date_stamp=2026-08-12
https://doi.org/10.1103/g3cv-g5zj
https://creativecommons.org/licenses/by/4.0/

ZAFAR, JAKHAR, ABEYKOON, AND PETKOV

PHYSICAL REVIEW RESEARCH 8, 1032024 (2026)

@) °4h°4 ( z=0 z=1/4

. ox—¢

d
y ¢z 4

J;—I JIRS * ¢. Rz-«

J L i [ ] \. - a

°c 9 2 0 Ry J\o b @ &\.
NI ol B
o cn—ofindes :» 2_2/4

=14V eV oY (© (e)
‘ [ 3 £ L i
¢1 & “

O\ '
r ‘\’\' °

J'J'
JiQoJ l\

”

dJ‘Jo

5

z=3/4

7=2/4 [ W] ‘
|
av\‘i/b L 94 0 LRAI & N

" <
¢ ox—e Qﬁ So y 'Y
=34V oW o 4 ¢ ‘\

FIG. 1. (a) Crystal structure of perfect Sr,IrO, with space group
S.G. I4,/acd symmetry. The structure features layers of corner-
sharing IrOg octahedra rotated about the tetragonal ¢ axis by
approximately 11° and Sr atoms positioned between the layers. The
unit cell contains four layers positioned at z = 0, z = 2/4, z = 1/4,
and z = 3/4, where all octahedra are the same. When the crystal
symmetry is locally broken as described in the text, the layers po-
sitioned at z = O [panel (b)] and z = 2/4 [panel (c)] are built from
IrOg units that are different from those building the layers positioned
at z = 1/4 [panel (d)] and z = 3/4 [panel (e)]. Accordingly, in-plane
Ir-O distances in the former, labeled as R,, appear different from the
in-plane Ir-O distances in the latter, labeled as R,. The same pertains
to the out-of-plane Ir-O distances R; and R4. The in-plane Ir-O-Ir
angles in the two sets of layers, labeled as, respectively, ¢, and ¢,
also appear different. Sr, Ir, and O atoms are shown as green, dark
yellow, and red circles.

phase transitions, attributed to spin-reorientation phenomena,
are observed at 7, = 90K and 73 = 30 K [see Fig. 2(a)].

Furthermore, the electrical resistivity, p, is also strongly af-
fected, increasing in a highly nonmonotonic manner with
decreasing temperature [Fig. 2(b)] in the WFM phase, where
charge transport is believed to occur via hopping of car-
riers between neighboring Ir sites [32,33]. This hopping
process depends sensitively on the Ir-O-Ir bond angles set by
the octahedral rotations, as these angles control the overlap
of fy, orbitals (e.g., dyy, and d,;) involved in the transport
[2,34-41]. Pressure, chemical substitution, magnetic field,
and electric field have been employed to tune the balance
between SOC, electron correlations, and octahedral rotations
in SrpIrO4 [14-21], leading to a rich variety of nontrivial
spin-orbit-entangled states that are distinct from the in-
sulating phases observed in 4d oxides and are therefore
challenging to understand. Further complicating the situ-
ation, recent harmonic generation [42], polarized neutron
scattering [43], and magnetic torque measurements [44] sug-
gest that the low-temperature states in SrpIrO4 arise from
an additional lowering of the average S.G. [4|/acd symme-
try [24,25,45]. However, a lowering of the average crystal
symmetry has not been conclusively established, hindering
a microscopic understanding of the WFM phase and its
anomalous electronic properties, including the nonmonotonic
temperature dependence of the resistivity, p. Using total x-
ray scattering combined with advanced structural modeling,
we find no evidence for the previously proposed lower-
ing of the average crystal symmetry. Instead, we uncover
previously overlooked local lattice distortions that create
two distinct IrOg-octahedral layers already in the room-
temperature paramagnetic (PM) insulating phase, thereby
breaking the crystal symmetry locally rather than globally.
The octahedral distortions become progressively stronger
upon cooling and, as shown by density functional theory
(DFT) calculations that explicitly account for them, may
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FIG. 2. (a) Magnetization, M, vs temperature. The inset shows its derivative, where negative dips indicate the presence of three magnetic
phase transitions at about 77 = 240 K, 7, = 90 K, and 73 = 30 K. (b) Temperature evolution of the resistivity adapted from Ref. [46]. (c)
X-ray diffraction and (d) atomic PDF intensity-colored maps, where the intensity increases linearly as the color changes from violet to dark
red. Arrows indicate the presence of nonlinearities in the temperature evolution of the diffraction patterns and PDFs taking place at 7 and 75.
(e), (f) Rietveld fits (orange) to X-ray diffraction (XRD) patterns (black) obtained above and below the PM-WFM insulator phase transition.
The fits are based on a perfect tetragonal S.G. /4,/acd-type structure. The fit agreement factor is about 9%. The residual difference (blue) is

shifted for clarity.
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FIG. 3. (a), (b) Tetragonal lattice parameters, a and c, obtained by Rietveld fits (solid symbols) based on a perfect S.G. /4,/acd-type
structure. Lattice parameters obtained by PDF fits (open symbols) based on an S.G. /4,/acd-type structure where the average tetragonal
symmetry is locally broken are also shown. Broken lines emphasize the presence of inflection points in the temperature evolution of a and ¢
at Ty, T, and T;. (c)—(f) Fits (red) to PDFs (black) obtained below (220 K) and above (300 K) the PM-WFM insulator phase transition. The
fits in panels (c) and (d) are based on a perfect S.G. I4,/acd-type structure. The fits in panels (e) and (f) are based on a lower-symmetry S.G.
14,/a-type structure that has been suggested to be adopted by the WFM insulating phase. Goodness-of-fit indicators are shown for each fit.

Residual difference (blue) is shifted for clarity.

be responsible for the enhanced band gap of the WFM
insulating phase. These results are consistent with recent
studies of the magnetically ordered insulating phase in BalrO3;
and Ba,IrOy, pointing to a broader principle in iridates: Local
lattice distortions are not merely passive structural features
but an important structural degree of freedom that strongly
influence their electronic and magnetic ground states.

Results and discussion. Polycrystalline Sr,IrO4 was syn-
thesized through a traditional two-step solid-state method,
where stoichiometric amounts of SrCOj3 and IrO, fine powder
were mixed, ground, calcined at 900 °C with a heating and
cooling rate of 10°C/min, and finally sintered at 1000 °C.
Magnetic properties, shown in Fig. 2(a), were studied on
a physical properties measurement system from Quantum
Design. Data for p, shown in Fig. 2(b), are obtained from
literature sources [46].

Total x-ray scattering experiments were conducted at the
beamline 28-ID-1 at the NSLS-II, Brookhaven National Lab-
oratory, using high-energy (74.46 keV) x-rays needed to
obtain atomic pair distribution functions (PDFs) with good
real-space resolution. Atomic PDF technique was employed
because of its proven ability to characterize local lattice distor-
tions in transition-metal oxides showing complex electronic
ground states, including cuprates [47], manganates [48,49],
and iridates [50]. The sample, packed into a Kapton tube, was
kept inside a liquid helium cryostat used to control its tem-
perature. The scattered x-ray intensities were collected from
300 to 10 K in steps of 5 K using a PerkinElmer area detector.
XRD intensity-colored diffraction map is shown in Fig. 2(c).
Intensity-colored map of atomic PDFs derived from the XRD
patterns using software PDFgetX3 is shown in Fig. 2(d). In
line with findings of independent studies [35,51], nonlinear
changes in the maps at temperatures close to 71, 1>, and T3
indicate the presence of considerable spin-lattice interactions.

To investigate the temperature evolution of the average
crystal structure, the experimental XRD patterns were sub-
jected to Rietveld analysis using software FULLPROF [52].
Representative results from Rietveld fits based on an S.G.
I4,/acd model (eight refinable parameters; see Table S1 in
the Supplemental Material [53]) are shown in Figs. 2(e) and
2(f), and Fig. S1 of the Supplemental Material [53]. Refined
tetragonal lattice parameters are shown in Figs. 3(a) and 3(b).
The success of the fits confirmed that the sample is single
tetragonal phase. To test the suggested lowering of the average
crystal symmetry from S.G. [4/acd to S.G. 14\/a [54], we
also conducted Rietveld analysis based on the latter model
(12 refinable parameters; see Table S1 in the Supplemental
Material [53]), which features two types of Ir-Og octahedra in
each of the layers in the unit cell. Results are shown in Fig.
S2 of the Supplemental Material [53]. They are marginally
better than those based on the S.G. I4,/acd model, providing
insufficient evidence for a lowering of the average crystal
symmetry in the WFM phase of Sr,IrOy4.

To test crystal-symmetry-lowering hypothesis more rigor-
ously, we fitted the experimental total PDFs using the same
models. The refinements were carried out using the PDFgui
software [55]. An advantage of PDF analysis over Rietveld
refinement is that it incorporates both Bragg peaks and dif-
fuse scattering contributions in the diffraction data—features
observed in Sr,IrO4 in prior studies [29]—thereby making it
sensitive to both the average crystal structure and local devi-
ations from it. Representative fits based on the S.G. I4,/acd
model are shown in Figs. 3(c) and 3(d), and Fig. S3 of the
Supplemental Material [53]. The fits are of poor quality, indi-
cating that the local crystal structure exhibits distortions that
are not captured by the symmetry of the average structure.
Despite having more refinable parameters, the lower average-
symmetry S.G. /4, /a structural model did not yield a better
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FIG. 4. Fits to PDFs (black) obtained below (220, 90, and
10 K) and above (300 K) the PM-WEFM insulator phase transition.
The fits are based on an S.G. I4,/acd-type structure, where the
average tetragonal symmetry is locally broken due to the presence
of two distinct IrOg-octahedral layers. Goodness-of-fit indicators are
shown for each fit. Residual difference (blue) is shifted for clarity.
The fits are superior to those shown in Figs. 3(c)-3(f) and Figs. S3
and S4 of the Supplemental Material [53].

fit to the PDF data [compare the data in Figs. 3(c) and 3(d),
and Fig. S3 of the Supplemental Material [53] with those in
Figs. 3(e) and 3(f), and Fig. S4 of the Supplemental Mate-
rial [53]], providing no support for the suggested lowering
of the average crystal symmetry. We tested several alterna-
tive structural models and found that the best description of
the PDF data was provided by a model that preserves the
average S.G. /4| /acd symmetry while permitting local sym-
metry breaking through decoupling the oxygen positions in
the z = 0 and z = 2/4 layers from those in the z = 1/4 and
z = 3/4 layers [Figs. 1(b)-1(e)]. Representative PDF fits are

shown in Fig. 4. This local symmetry breaking gives rise to
two types of IrOg-octahedral layers, exhibiting significantly
different basal (R}, R,) and apical (R3, R4) Ir-O bond lengths
as well as different Ir-O-Ir bond angles. Notably, the locally
symmetry-broken model is essentially different from the sug-
gested average-symmetry-lowering S.G. I4;/a model. While
the former features two distinct IrOg-octahedral layers and
requires only 10 refinable parameters, the latter introduces
two inequivalent IrOg units within each layer and therefore
necessitates a more complex structural description with 12
refinable parameters (Table S1 in the Supplemental Mate-
rial [53]). Refined values for the lattice parameters, Ir-O-Ir
bond angles, Ir-O bond distances, and octahedral layer-layer
distances in the locally symmetry-broken S.G. 14, /acd model
are shown in Figs. 3(a) and 3(b), and 5(a)-5(d). The distortion
of IrO¢ octahedra in the distinct layers, computed as D =
1/N Y [(dn —(d))/(d)]2 [56,57], where (d) and dy are the
average and individual Ir-O bond distances in the respective
octahedra (N = 6), is shown in Fig. 5(e). As can be seen in
the figure, the temperature evolution of the lattice parameters,
bond distances, and angles exhibits clear inflection points
at 71, T,, and T3, revealing the particular structural features
behind the observed nonlinearities in the experimental XRD
and PDF data in the vicinity of three phase transitions exhib-
ited by Sr,IrO4. Notably, the IrOg octahedra in the distinct
layers are seen to increasingly suffer distortions, arising from
the concurrent decrease and increase of the basal and apical
Ir-O distances, respectively, with decrease of the temperature
below T7;. Altogether, the results of PDF analysis show that
the WFM phase of Sr,IrO,4 precipitates from a structure state
where the average tetragonal symmetry is already broken lo-
cally at room temperature, including the presence of two types
of IrO¢-octahedral layers, where the two sets of Ir-O-Ir (P,
and ®,) bond angles in the distinct layers deviate significantly
from 180°, consistent with the observed insulating behavior.
The increase in p in the WFM phase then may be ratio-
nalized as follows. Because the on-site Coulomb repulsion
is a local interaction, it is expected to vary only weakly
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panels (a)—(e) are essentially different from those reported in Ref. [46], as the analysis in that work did not account for the presence of two
distinct IrOg-octahedral layers arising from the local breaking of the S.G. /4,/acd symmetry.
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with temperature. Similarly, SOC is not expected to change
significantly. Furthermore, since the Ir-O, planes in Sr,IrO4
remain well separated by rock-salt-type Sr-O layers [Fig. 1(a)]
at all temperatures, charge transport in the WFM phase is
expected to arise predominantly from carrier hopping between
corner-sharing IrOg octahedra within these planes. Because
the ®; and &, bond angles—and thus the overlap of Ir-O #,,
orbitals in consecutive octahedral layers—change in opposite
directions [Fig. 5(c)], the net effect of temperature-driven
changes in the overall structural distortion on carrier hopping
is likely limited. In contrast, the increased distortion of both
types of IrO¢ octahedra/layers in SryIrO4 below Tj, arising
from concerted changes in basal and apical Ir-O bond lengths
[Figs. 5(a) and 5(b)] and locally broken crystal symmetry,
is expected to significantly enhance CEF effects relative to
the PM insulating phase, leading to further narrowing of the
Jeir bands. This, in turn, would increasingly impede carrier
hopping and drive the system toward a more insulating state
in the WFM phase, as discussed in Refs. [58-63].

To validate our arguments, we performed DFT calcula-
tions, the details of which are provided in the Supplemental
Material [53]. Consistent with previous DFT studies [22,69],
fully relaxed calculations starting from the perfect 14,/acd
structure [28] and incorporating both SOC and electron-
electron correlation effects [with the Hubbard (U) parameter
set to 1.75 eV, as recommended in Refs. [22,64]] yielded
a narrow-gap insulating electronic structure (Fig. S5 of
the Supplemental Material [53]). When the calculations
were initiated from locally symmetry-broken 14,/acd struc-
tures obtained by us, the fully relaxed solutions converged
to essentially the same nearly perfect tetragonal structure
and corresponding electronic band structure shown in Fig.
S5 of the Supplemental Material [53]. This behavior indicates
that the experimentally observed locally symmetry-broken
Sr,IrO4 structure, characterized by two distinct types of IrOg-
octahadral layers, cannot be reproduced within conventional
zero-temperature DFT framework. To obtain a more realistic
description of the evolution of the electronic structure with
temperature, we performed DFT calculations based directly
on the PDF-refined structures (Fig. 4) without further relax-
ation, thereby explicitly accounting for the observed local
crystal-symmetry breaking. The resulting band structures are
presented in Fig. S6 of the Supplemental Material [53], and
the corresponding band gaps are summarized in Fig. 5(f).
The calculations reveal a clear correlation between the mag-
nitude of the local octahedral distortions and the size of the
insulating gap: as the distortions become more pronounced
with decreasing temperature, the band gap increases accord-
ingly. This behavior provides a plausible explanation for the
enhanced resistivity observed in the WFM insulating phase
[Fig. 1(b)].

Interestingly, despite belonging to a different structural
family, the Mott-like insulator BalrO; exhibits analogous
behavior. Upon cooling, distortions of inequivalent IrOg oc-

tahedra become increasingly pronounced and appear to be
closely linked to the anomalous evolution of the electronic
transport properties in the WFM insulating phase that emerges
below 180 K [50]. Another example is tetragonal Ba,IrOy,
which, like Sr,IrQOy4, consists of corner-sharing IrOg octahe-
dra forming two-dimensional planes. The material undergoes
a transition from a paramagnetic to a magnetically ordered
Mott-like insulating state at approximately 240 K and exhibits
a strongly nonlinear evolution of the electrical resistivity
below this temperature [65]. Experimental and theoretical
studies have suggested that the material develops increasingly
pronounced local structural distortions upon cooling [66,67].
It is therefore plausible that these distortions give rise to
distinct IrO¢ environments and associated local symmetry
breaking that, analogous to that observed here in Sr;IrOy,
enhances the band gap with decreasing temperature and
contributes to its unusual transport behavior. Together with
the present results, these earlier findings suggest that local
symmetry breaking may be a common and important char-
acteristic of iridates.

Concluding remarks. In summary, the unusual Mott-
insulator-like ground state of Sr,IrO4 cannot be understood
solely as a consequence of strong SOC and electron cor-
relations; rather, it is inseparably linked to the presence of
local lattice distortions that reshape the crystal-field landscape
and significantly affect the bandwidth at low temperature.
Far from being secondary perturbations, local lattice dis-
tortions in 5d transition-metal oxides, particularly iridates,
act as local symmetry-breaking fields providing a con-
trol parameter that may play an important role in shaping
their low-temperature electronic properties, ultimately en-
abling the emergence of nontrivial topological and multipolar
states [68—72]. Any comprehensive description—or purpose-
ful design—of ground states in 5d transition-metal oxides,
in general, and iridates, in particular, must therefore in-
clude local lattice distortions as a fundamental degree of
freedom.
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