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Using variable temperature total and resonant x-ray scattering at the K edge of Ir species, we study 
the “bad metal” to insulator transition in BaIrO , a canonical third transition series oxide. The usage of 
advanced experimental techniques and large-scale computer modeling helps us show that, contrary 
to the widely accepted view, charge disproportionation leading to the formation of Ir-trimers with a 

d valence electrons already exists at room temperature. The charge disbalance 
between the trimers does not evolve much with decreasing temperature while local lattice distortions 
do, suggesting that the latter and not the former make a key contribution to the emergence of the 
enigmatic ferromagnetic insulator state of BaIrO . The conclusion is supported by DFT calculations 
based on  experimental structure data. Our work calls for a reconsideration of the role of 
lattice distortions in determining the electronic properties of third transition series oxides. It also 
charts a path to assessing these properties on a realistic and not assumed crystal structure basis.

In third transition series oxides, strong spin-orbit coupling (SOC), crystal field splitting and electron-electron 
(Hubbard U) interactions have comparable energy scales, leading to the emergence of unusual electronic states 
under external stimuli such as temperature, pressure and chemical substitution1–13. A typical example is BaIrO3. 
Regardless of the considerable overlap of the 5d orbitals of adjacent Ir4+ ions, the electronic properties of the 
material do not exhibit itinerant-like behavior14–19. In particular, BaIrO3 shows a very poor conductivity at room 
temperature. Although the conductivity appears to be of an activation type, this non-trivial electronic state of 
BaIrO3 has o�en been described in terms of bad metallicity. �e conductivity drops sharply when the temperature 
is reduced to about Tc1 = 180 K, signaling the emergence of a “more insulating” phase20. Concurrently, the 
material becomes a weak ferromagnet with µ ≈ 0.03 µB/Ir21–23 For comparison, the sister compound SrIrO3 
is a paramagnetic metal24. Based on the emergence of a small band gap25 and splitting of phonon modes20,25, 
some studies attributed the emergence of a “more insulating phase” below TC1 to charge density wave (CDW) 
phenomena while others evoked a charge disproportionation and ordering mechanism to explain it22,26. 
However, no superlattice reflections characteristic to the emergence of CDW order have been observed below 
Tc1, ruling out the CDW scenario. A charge disproportionation scenario appears to be more relevant to the 
transition taking place at Tc1, as our study shows. Furthermore, the electrical resistivity has been found to be 
highly anisotropic and exhibit a hump centered at about TC2 = 80 K, followed by a sharp increase below TC3 ≈ 30 
K20. It has been suggested that, although the material remains an insulator, the behavior of resistivity changes to 
metallic below TC2 while a transition to a fully insulating state takes place at TC3. Notably, the Seebeck coefficient, 
transient thermoelectric response and data from muon-relaxation experiments have also been found to exhibit 
anomalies at TC1, TC2 and TC3

27–29. Altogether, studies conducted so far clearly show that BaIrO3 undergoes a 
sequence of three phase transitions into unusual electronic states with decreasing temperature.

Studies have also found that both hydrostatic and chemical pressure, e.g. induced by substituting smaller 
in size Sr for Ba, suppress the weak ferromagnetism in BaIrO3

30,31. However, while chemical pressure leads to 
a metallic state32, hydrostatic pressure preserves the insulating state33–35. �e observed strong response of the 
electronic properties of BaIrO3 to temperature variation and lattice contraction signals that its electronic and 
lattice degrees of freedom are strongly coupled. �e latter arise from the highly adaptable structure of BaIrO3, 
featuring corner sharing trimers where each of the trimers is made of face-sharing Ir-O6 octahedra centered by 
inequivalent Ir sites, shown as Ir(1), Ir(2), Ir(3), and Ir(4) in Fig. 1a36–38. �e direct overlap between the 5d orbitals 
of Ir atoms inside the trimers is expected to favor broad 5d bands and itinerant behavior while, in addition to 
the overall monoclinic distortion of the crystal lattice, distortions of the individual octahedra constituting the 
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trimers ,    l would reduce the 5d bandwidth stabilizing an insulating state20. Despite the intense research effort, 
however, the structural mechanism behind the phase transitions in BaIrO3 remains unclear. Here we elucidate it 
by total and resonant X-ray scattering experiments at the K edge of Ir species coupled to atomic pair distribution 
function (PDF) analysis, which has been found particularly useful in studies on materials exhibiting complex 
electronic states arising from lattice distortions39–43. We show that charge disproportionation already exists 
at room temperature, i.e., well above TC1, where Ir(1)-Ir(2)-Ir(1) and Ir(3)-Ir(4)-Ir(3) trimers exhibit charge 
disbalance of about 0.1el. Contrary to the widely accepted view, however, the uneven charge distribution in 
the trimers does not evolve much with decreasing temperature. Enabled by strong SOC and electron-electron 
interaction effects, distortions of corner linked Ir(1) and Ir(3) octahedra and changes in the overall monoclinic 
angle and trimer-trimer interlinking angle appear to drive the transitions between the unusual electronic states 
of BaIrO3. �e result is supported by DFT calculations based on unmodified experimental structure data.

Experiments
Powder BaIrO3 was synthesized through a conventional solid-state route where BaCO3 and Ir metal sponge were 
used as starting materials. �e materials were mixed in the desired stoichiometric ratio, calcined at 900 °C for 
12 h, and then sintered at 1000 °C for 30 h with intermediate grindings to ensure homogeneity. In house x-ray 
diffraction (XRD) measurements showed that the material is single phase.

Magnetic properties were studied on a physical property measuring system from Quantum design. 
Experimental data are shown in Fig. 1b,c. In line with the results from prior studies21,23, magnetization data show 
that BaIrO3 undergoes a paramagnetic (PM) to ferromagnetic (FM) phase transition at Tc1=180 K. Signatures of 
the transition taking place at TC2 are also seen.

Total X-ray scattering experiments were performed at the beamline 28-ID-1 at the National Synchrotron 
Source-II, Brookhaven National Laboratory, using X-rays with energy of 74.46 keV. �e sample was kept inside 
a liquid He cryostat used to control its temperature. Scattered X-ray intensities were collected while decreasing 
temperature from 300 to 10 K in steps of 5 K using a PerkinElmer area detector. Total PDFs were derived from 
the experimental XRD patterns using standard procedures44. Intensity color maps of the patterns and respective 
PDFs are shown in Fig. 1d,e and S145. Intensity variations are clearly seen at temperatures close to TC1, TC2 and 
TC3, confirming the presence of three phase transitions in BaIrO3. However, as obtained, total PDFs reflect all 
chemically distinct correlations between the constituent atoms in the studied material46,47. In the case of BaIrO3, 
those are Ba–Ba, Ba–Ir, Ba–O, Ir–Ir, Ir–O and O-O pair correlations. Typically, the correlations overlap heavily 
(Fig. 2a), making it difficult to interpret total PDF data unambiguously. To obtain structure data with increased 
sensitivity to atomic correlations involving Ir atoms, we conducted a resonant X-ray scattering experiment48,49 
at the K edge of Ir species (76.111 keV). Such data are very necessary because prior density functional theory 
(DFT) calculations indicated that the density of states (DOS) at the Fermi level, and so the electronic properties 
of BaIrO3, are dominated by 5d electrons of Ir species15,50. Resonant XRD data were collected at the beamline 
P21.2 at the Deutsches Electronen–Synchrotron51 at several temperatures ranging from 100 K to 300 K using 

Fig. 1. (a) Projection of the crystal structure of BaIrO3 along the b axis of the monoclinic lattice (dotted line). 
�e structure features corner-sharing trimers of Ir-O6 octahedra (light brown) forming chains along the c 
direction. �e monoclinic angle β and trimer-trimer interlinking (Ir(3)-oxygen-Ir(1)) angle δ are also shown. 
Ba atoms are not shown for clarity. (b) Temperature and (c) magnetic field dependence of the field cooled 
(FC) and zero field cooled (ZFC) magnetization for BaIrO3. �e data show the presence of a ferromagnetic to 
paramagnetic phase transitions at TC1 = 180 K. Signatures of the transition taking place at TC2 are also seen. 
(d) XRD and (e) total PDF intensity color maps. Arrows highlight nonlinearities in the data appearing at 
TC1=180(5) K, TC2 = 80(5) K, and TC3=30(5) K. (f) XRD patterns for BaIrO3 taken at 35 eV (red) and 500 eV 
(black) below the K edge of Ir. �eir difference (blue) is also shown. (g) Total (black) and Ir-differential (red) 
PDFs obtained at different temperatures.
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a PilatusX CdTe detector. �e temperature was controlled by a cryocooler device. At each temperature point, 
two XRD patterns were collected using X-rays with energy of 76.076 keV and 75.611 keV that are 35 eV and 
500 eV below the K edge of Ir, respectively. From the significant intensity difference between the two patterns 
(Fig. 1f), the so-called Ir-differential PDFs were derived following a protocol described in refs49,52. As obtained, 
Ir-differential PDFs reflect only correlations involving Ir atoms, that is Ir–Ir, Ir–O and Ba–Ir pair correlations 
(see Fig. 2b), providing an extra, Ir species specific experimental constraint for the structure modeling described 
below. More details can be found in Supplemental Material45. As can be seen in Figs. 1g and S245, both the 
total and Ir-differential PDFs show a sequence of well-defined peaks, reflecting the sequence of well-defined 
coordination spheres in BaIrO3.

Structure modeling
To assess the temperature evolution of the average crystal structure of BaIrO3, the experimental XRD 
patterns were subjected to Rietveld analysis based on a monoclinic space group (S.G.) C2/m structure model. 
Representative Rietveld fits done using the so�ware GSAS-II53 are shown in Fig. 3a,b. �e model reproduces 
the XRD data very well, confirming the phase purity of our sample. Refined values for the a, b, and c lattice 
parameters, monoclinic angle β, and unit cell volume are given in Fig. 3g–j. �e monoclinic lattice of BaIrO3 
is seen to evolve nonlinearly with temperature, where the nonlinear evolution of the unit cell volume appears 
particularly strong at TC1. Refined values for the monoclinic S.G. C2/m symmetry allowed static displacements 
of Ir(1) and Ir(3) atoms from their lattice positions at room temperature are shown in Fig. 4a,b. Changes in the 
intra-trimer Ir(1)–Ir(2) and Ir(3)–Ir(4) distances and trimer-trimer interlinking angle δ are shown in Fig. 4c,d, 
respectively. �e displacements are seen to increase with decreasing temperature and exhibit a non-linearity 
at TC1. �e angle δ and Ir(3)–Ir(4) distance are also seen to increase with decreasing temperature. Here the 
non-linearity at TC1 is much less expressed. On the other hand, data for Ir(1)–Ir(2) distance does not show a 
well-expressed temperature evolution. Overall, the Rietveld refined structure parameters show a large scatter, 
rendering their interpretation ambiguous.

  

Fig. 2. (a) Computed total and (b) Ir-differential pair distribution functions for BaIrO3 using assumed thermal 
factors. �e individual partial atomic pair correlations contributing to the functions are also shown, each in a 
different color. Note that Ir–Ir correlations (green) overlap with Ba–O and O–O correlations in the total PDF 
data, which is not the case with the Ir-differential PDFs. (c,d) Experimental Ir-differential PDFs obtained at 
different temperature. As it may be expected, Ir–Ir near neighbor correlations appear well separated from 
the others (c), clearly showing that, on average, Ir-Ir bonding distances in BaIrO3 increase with decreasing 
temperature. On the other hand, the distribution of Ir–O bonding distances does not change much, remaining 
rather broad down to 100 K (see the vertical arrows in (c)). Light blue shaded rectangles in (d) highlight 
systematic changes in the Ir-differential PDFs taking place with changing temperature.
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Fig. 4. (a,b) Static displacements ∆z and ∆x for Ir(1) and Ir(3) atoms along the c and a direction of the crystal 
lattice, respectively. (c) Changes in the Ir–Ir distances in the two types of Ir trimers in BaIrO3. Changes in the 
trimer–trimer interlinking angle δ are given in (d).

 

Fig. 3. (a,b) Rietveld fits (red) to XRD patterns (symbols) for BaIrO3 obtained at 300 K and 10 K. �e residual 
difference is given in blue. Vertical orange bars indicate the positions of Bragg peaks. Fits to Bragg peaks 
strongly evolving with temperature are shown in the insets. (c,d) Crystallographic unit cell-based fits (red) to 
total PDFs (symbols) for BaIrO3 obtained at 300 K and 10 K. �e residual difference is given in blue. RMC fits 
(red) to (e) total and (f) Ir-differential PDFs (symbols) obtained at 300 K. �e residual difference is given in 
blue. (g–j) Temperature evolution of the a, b, and c lattice parameters, monoclinic angle β and unit cell volume 
V obtained by Rietveld (black) and PDF (red) fits. Note that, as found in many materials38–43,46–49, Rietveld and 
PDF refined structure parameters differ significantly due to the presence of local lattice distortions. Light blue 
shaded rectangle in (g–j) highlights nonlinearities in the refined crystal structure data appearing in the vicinity 
of TC1.
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To access the atomic displacements, bond distances and angles more precisely, we approached the 
experimental total PDFs with the same structure model using the so�ware PDFgui54. �e model reproduces the 
PDF data very well (Fig. 3c,d), indicating that the crystallographic symmetry is not broken locally as it occurs 
in many systems exhibiting complex electronic phases and CDW phenomena55–60. �e temperature evolution of 
Rietveld and PDF refined lattice parameters, monoclinic angle and unit cell volume appear similar (Fig. 3g–j). 
A noticeable difference is that, locally, BaIrO3 appears more compressed, i.e., with a reduced unit cell volume, 
in comparison to the bulk state. PDF refined static displacements of Ir(1) and Ir(3) atoms from their lattice 
positions at room temperature are shown in Fig. 5a,b. Changes in the intra-trimer Ir(1)–Ir(2) and Ir(3)–Ir(4) 
distances and trimer-trimer interlinking angle δ are shown in Fig. 5c,d, respectively. Note that the temperature 
evolution of PDF derived data (Fig. 5a–d) appears much more distinct in comparison to that of Rietveld 
derived data (Fig. 4a–d). �is is because, as defined, atomic PDFs take into account both the diffuse and Bragg 
scattering components of the diffraction data while Rietveld analysis relies on Bragg peaks alone. �is increases 
the sensitivity of atomic PDFs for local atomic displacements as shown in numerous studies42–47. In particular, 
with decreasing temperature, Ir(1) and Ir(3) atoms are seen to move (Fig. 5b) in a direction orthogonal to the 
monoclinic c axis (see the horizontal arrows in Fig. 5g). �e atoms also move along the monoclinic c axis (Fig. 
5a), but in opposite directions (see the vertical arrows in Fig. 5g), where the displacement of the latter appears 
4 times that of the former at 10 K. As a result, as can be seen in Fig. 5b, the intra-trimer Ir(3)–Ir(4) distances 
increase significantly while the intra-trimer Ir(1)–Ir(2) distances decrease slightly with decreasing temperature 
(0.02 Å vs. 0.004 Å). Due to the concerted displacement of Ir(1) and Ir(3) atoms and the concurrent increase 
in the c lattice parameter, the trimer-trimer interlinking (Ir(1)-oxygen-Ir(3)) angle δ increases towards 180 deg, 
which is the value of δ in the paramagnetic metal BaRuO3

31,61. Notably, the temperature evolution of data in Fig. 
5a–d shows clear non-linearities at TC1, TC2 and TC3.

To assess the temperature evolution of Ir trimers more precisely, we refined large scale models against both 
the total and Ir-differential PDFs, using the reverse Monte Carlo technique62–64. �e models featured 100 Å × 114 
Å × 100 Å configurations of 72,000 Ba, Ir, and oxygen atoms in due proportions. �e large model size allowed us 
to probe a statistically representative variety of distinct Ir sites and octahedral distortions. Modeling details are 
given as Supplemental Material45. Representative RMC fits to total and Ir-differential PDFs are shown in Fig. 3e,f. 
�e RMC refined atomic configurations were folded back in a monoclinic unit cell of the type used to generate 
the initial configurations and the distortion, D, of the four types of Ir–O octahedra in BaIrO3 was computed as 
D = 1/N

∑
[(dN − < d >) /< d >]265,66, where < d > and d

N
 are the average and individual Ir–O distances 

in the respective octahedra (N = 6). �e formal valence for Ir(1), Ir(2), Ir(3) and Ir(4) atoms was also computed 
as 

∑
exp[(dO − dN ) /0.37 )] , where d

o
 =1.87 Å for Ir67–69. Results are shown in Fig. 5e,f, respectively. As 

can be seen in Fig. 5e, the corner sharing Ir(1)- and Ir(3)-based octahedra are already considerably distorted at 
room temperature. Also, the distortion of both octahedra is seen to increase sharply at TC1. As can be seen in 
Fig. 5f, partial transfer of 5d electrons from Ir(1) sites to Ir(3)–Ir(4)–Ir(3) trimers takes place well above TC1, 
leading to change disproportionation such that the formal Ir4+ state ([Xe].4f14.5d5 electronic configuration) in 
the Ir(4)- and Ir(1)-centered octahedra changes into a disproportionate state of Ir3.92+ and Ir4.15+, respectively. 

Fig. 5. (a,b) Static displacements ∆z and ∆x of Ir(1) and Ir(3) atoms along the c and a direction of the crystal 
lattice, respectively. (c) Changes in the Ir-Ir distances in the two types of Ir trimers in BaIrO3. Changes in the 
angle δ are given in (d). (e) Changes in the distortion, D, for Ir(1) and Ir(3) centered octahedra. (g) Projection 
of the crystal structure of BaIrO3 along the b axis of the monoclinic lattice. Ba atoms are not shown for 
clarity. Solid blue and red arrows show the directions of the static displacement of Ir atoms while decreasing 
temperature. Fuzzy blue circles highlight the accumulation of 5d electron charge on the Ir(4) sites while fuzzy 
white circles highlight the depleted 5d electron charge on Ir(1) sites. Green rectangle in (a–d) highlights a 
temperature region where BaIrO3 is a typical insulator. Brown rectangle in (a–d) highlights a temperature 
region where the conductivity for BaIrO3 is highly anisotropic, i.e. metallic along the c direction and non-
metallic in the ab plane of the monoclinic lattice. White and light blue shaded rectangles in (a–d) highlight the 
“bad metal” and “more insulating phase” appearing above and below TC1, respectively.
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Furthermore, the valence state of Ir(3) atoms appears close to Ir3.98+ while that of Ir(2) atoms remains largely 
unperturbed. Notably, while the octahedral distortions increase, the charge disproportionation does not appear 
to change much with decreasing temperature down to 100 K.

Discussion
It has been suggested that, due to the combined effect of strong SOC and electron-electron (Hubbard U) 
interactions, the trimers in BaIrO3 appear as “orbital molecules”, whose electronic properties can be considered 
in terms of fully filled (four 5d electrons of Ir4+) Jeff=3/2 and half-filled (one 5d electron of Ir4+) Jeff=1/2 states that 
are nearly spilt at room temperature. Without providing any experimental evidence, it has been further suggested 
that the gap emerged below TC1 is due to a partial charge transfer between Ir(3)–Ir(4)–Ir(3) and Ir(2)–Ir(1)–Ir(1) 
trimers26,70. We are the first to show that such a charge transfer does occur, albeit at temperature well above 
Tc1, leading to a charge disbalance between the trimers at room temperature. In this respect, BaIrO3 resembles 
organic Mott insulators where the charge disbalance between the constituent “orbital molecules” is also very 
small (~ 0.1 el.)22,26,70–73. Based on our results, we argue that because no further charge disproportionation and/
or ordering takes place beyond the levels exhibited at room temperature, the ”more insulating phase” emerging 
upon reducing the temperature to TC1 precipitates from increased local lattice distortions and displacements of 
Ir atoms from their equilibrium positions (Fig. 5a,b), including an increased difference between Ir–Ir distances 
in the different trimers (Fig. 5c). Furthermore, because the trimer-trimer interlinking angle δ becomes closer 
to 180 deg. (see Fig. 5d) with further decreasing the temperature, the electron hoping between the trimers 
would be facilitated, eventually inducing metallic conductivity along the c axis at TC2

31,32. �e already low ab-
plane conductivity though would not be affected much, rendering the material an insulator, as observed by 
experiment20. However, due to the further increased monoclinic distortion, the trend would be reversed below 
TC2, eventually leading to an overall widening of the band gap and emergence of a typical insulating phase at TC3, 
as also observed by experiment33,35.

To validate our arguments, we conducted DFT calculations, details of which are given as Supplemental 
material45. For any initial atomic configuration, fully relaxed DFT calculations carried out under the unrealistic 
assumption of no SOC and electron-electron interaction effects, i.e. Hubbard U parameter set to zero, predicted 
a metal-like behavior for BaIrO3 (Fig. S4), which contradicts the experimental observation. �e result underlines 
the importance of electron-electron interactions and SOC effect to the physical properties of third transition 
series oxides involving Ir species. Fully relaxed DFT calculations featuring strong SOC and electron-electron 
effects (Hubbard U parameter set to 3 eV as in ref50) predicted an insulating state (Fig. S5) for any initial atomic 
configuration. �is is likely because the DFT “optimized” structure always appeared essentially undistorted, 
where the lattice parameters and atomic positions were significantly different from the experimental data. On 
the other hand, DFT calculations accounting for SOC and electron-electron interactions by setting the Hubbard 
U parameter to a realistic value of 2.6 eV and using unmodified room temperature structure data predicted a 
dip at the total density of states (DOS) at the Fermi energy, Ef, (Fig. 6), which is characteristic to “bad metals” 
with vanishing DOS such as room temperature BaIrO3. Furthermore, DFT calculations using unmodified 
100 K, 60 K and 10 K structure data, where the Hubbard U parameter was assigned the same value of 2.6 eV, 
predicted band gaps of 0.145 eV, 0.157 and 0.159 eV which are characteristic to narrow-gap insulators such as 
the increasingly “insulating” states of BaIrO3 known to emerge below TC1, TC2 and TC3, respectively. �us, we 
showed that, enabled by the usual for third transition series oxides strong SOC and electron-electron correlation 
effects, increased lattice distortions may trigger a sequence of phase transitions into unusual insulator states in 
BaIrO3 with decreasing temperature, where the charge disproportionation takes place well above the transition 
temperature TC1.

Conclusions
In summary, our results provide strong evidence for the presence of charge disproportionation in BaIrO3 at room 
temperature due to a partial localization of Ir 5d electrons on Ir(3)–Ir(4)–Ir(3) trimers. Together with strong 
electron-electron interactions and SOC effects, the disproportionation renders the material a “bad metal” at 
room temperature. No further charge disproportionation and ordering takes place with decreasing temperature. 
�e concerted response of lattice degrees of freedom, such as (i) distortions of individual corner linked Ir(1) 
and Ir(3) octahedra, (ii) overall monoclinic distortion of the crystal lattice, (iii) variations in the trimer-trimer 
interlinking angle and (iv) unit cell volume, to temperature changes is what drives the transformation of the “bad 
metal” state into a more “insulating state” with decreasing temperature. �is scenario also explains the disparate 
response of the ferromagnetic insulator phase of BaIrO3 to hydrostatic and chemical pressure. Simply, both would 
perturb direct intra-trimer Ir-Ir and super-exchange Ir(1)-oxygen-Ir(3) magnetic interactions by perturbing the 
direct overlap of 5d electron orbitals and trimer-trimer interlinking angle, respectively, thus destroying the long-
range magnetic order. However, while hydrostatic pressure would result in an overall distortion of the crystal 
structure and so keep the material an insulator, chemical pressure would affect the overall structural stability 
(tolerance factor74,75 ) such that the trimer-trimer interlinking angle decreases, rendering the material metallic. 
Our results call for a reconsideration of the largely ignored role of local lattice distortions in determining the 
electronic properties of third transition series oxides. Moreover, they chart a path to assessing these properties 
on a realistic and not assumed crystal structure basis. �e path involves (i) collecting data sensitive to both the 
average and local crystal structure, including data specific to the spatial ordering of 5d metal species, (ii) large 
size structure modeling guided by the combined experimental data sets to not only identify but also precisely 
quantify all lattice distortion modes relevant to the electronic properties and (iii) DFT calculation based on so 
derived and unmodified crystal structure data.
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Data availability
�e following are available as source data: Experimental XRD (Fig. 1d) and atomic PDF (Fig. 1e) data are avail-
able at https://doi.org/10.7910/DVN/WJGJB4. All other data are available upon reasonable request from the 
corresponding author, Valeri Petkov (petko1vg@cmich.edu).
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