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 A B S T R A C T

Hexagonal double perovskites with face-sharing octahedra represent an important class of materials in which 
structural connectivity strongly influences electronic and magnetic properties. In this work, the structural, 
magnetic, and electronic properties of Ba2FeIrO6 were investigated using a combined experimental and 
computational approach. X-ray powder diffraction confirms the formation of a 6H-type hexagonal structure 
(space group 𝑃 63∕𝑚𝑚𝑐), characterized by face-sharing 𝐵𝑂6 octahedral dimers. Investigation of the surface 
electronic configuration by means of X-ray photoelectron spectroscopy suggest the presence of Fe3+/Fe2+ and 
Ir5+/Ir4+ mixed valence states, while ac and dc magnetic measurements reveal a low-temperature transition at 
𝑇𝐶 ≃ 5.0 K with ferrimagnetic-like behavior, supported by DFT+𝑈 calculations that indicate an uncompensated 
antiferromagnetic ground state. Electrical resistivity measurements suggest semiconducting behavior with an 
activation energy of 0.24 eV. Contrastingly, electronic structure calculations consistently indicate a metallic 
ground state. The discrepancy between the experimental and theoretical results is discussed in terms of 
possible grain boundary effects in the polycrystalline sample, and/or limitations in the computational model. 
The metallic behavior is further rationalized by the 6H hexagonal topology, where face-sharing geometry 
enhances direct 𝑑–𝑑 orbital overlap and promotes electronic delocalization. These results demonstrate the 
strong influence of structural connectivity on the physical properties of Ba2FeIrO6, highlighting the role of 
3𝑑–5𝑑 interactions in hexagonal double perovskites and providing insight for the design of related functional 
oxide materials.
. Introduction

In condensed matter physics and materials science, the perovskite 
amily, characterized by its archetypal ABX3 structure, has garnered 
ustained attention due to an extraordinary breadth of tunable physical 
roperties, ranging from ferroelectricity and magnetism to supercon-
uctivity and high-efficiency photovoltaics [1–4]. This structural versa-
ility permits the integration of diverse elemental compositions at the 
, B, and X sites, thus opening up extensive possibilities for discovering 
aterials with optimized properties. Among the various subclasses, 
xide perovskites (where X = O2−) are particularly renowned for their 
obust structures and stability, making them critical for applications 
n high-temperature catalysis, fuel cells, and spintronic devices [5–7]. 
he ordered substitution of the B-site cation results in the oxide double 
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perovskite family, A2B’B’’O6. This structural ordering at the B-site 
introduces an additional degree of freedom for tailoring electronic 
and magnetic interactions, often yielding emergent phenomena not 
observed in their single-B-site counterparts. Notable examples include 
half-metallic ferromagnets like Sr2FeMoO6 [8] and multiferroics [9], 
underscoring their importance in functional material design [10].

While the most commonly recognized perovskite structure is the 
cubic Pm-3m symmetry, many perovskite-related compounds adopt 
lower-symmetry space groups, including orthorhombic, tetragonal, and 
crucially, hexagonal variants [11]. Hexagonal oxide perovskites possess 
a particular structural design (e.g., A3B’B’’B’’O9 or A2B’B’’O6 with 
hexagonal symmetry), identified through the presence of face-sharing 
BO6 octahedra, distinguishing them from the ubiquitous corner-sharing 
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connectivity of cubic perovskites [12,13]. This face-sharing arrange-
ment leads to significantly shorter B-B interatomic distances and altered 
B-O-B bond angles, profoundly influencing orbital overlap and elec-
tronic correlations. The stacking sequence of the A-O3 layers along 
the 𝑐-axis also differentiates hexagonal polytypes (e.g., 2H, 4H, 6H), 
providing additional structural complexity and opportunities for prop-
erty modulation. This intricate interplay between local coordination 
and long-range stacking often leads to unique electronic and magnetic 
properties not found in their corner-sharing counterparts, as high-
lighted in comprehensive reviews on hexagonal perovskites as quantum 
materials [14]. Furthermore, the presence of heavy transition-metal 
(TM) ions at the B-sites can introduce strong spin–orbit coupling, 
leading to topologically nontrivial electronic states or unusual mag-
netic anisotropy, as observed in materials with complex mixed-metal-
cation trimers [15]. Beyond their fascinating magnetic properties, these 
unique structures can also facilitate high oxide ion conductivity [16], 
opening new directions in the design of solid electrolytes for energy ap-
plications by exploiting induced interstitial defects and specific stacking 
sequences [17–20].

Within this context, the perovskite Ba2FeIrO6 (BFIO) emerges as 
a material of particular interest. Unlike many Ir-based double per-
ovskites that adopt cubic structures [21–23], Ba2FeIrO6 is reported to 
crystallize in a hexagonal structure, a crucial factor distinguishing its 
properties [24]. This hexagonal phase is frequently accompanied by 
a notable degree of antisite disorder between the Fe and Ir cations, 
adding complexity to its fundamental interactions. The combination of 
a 3𝑑 TM (Fe3+, 3𝑑5) with a 5𝑑 TM (Ir5+, 5𝑑4) is particularly promis-
ing for investigating the intricate interplay between strong electron–
electron correlations and the significant spin–orbit coupling inherent 
to the 5𝑑 Ir5+ ions [25]. Preliminary investigations non-peer reviewed 
suggest that Ba2FeIrO6 exhibits complex magnetic behavior at low 
temperatures, with evidence of a glassy phase, pointing to compet-
ing interactions and potential magnetic frustration resulting from its 
hexagonal structure and the mixing of Fe and Ir spins [24]. Therefore, 
understanding the structure–property relationships in hexagonal double 
perovskites like Ba2FeIrO6 is essential for designing advanced quantum 
materials with tailored electronic and magnetic properties.

Thus, this manuscript aims to describe the synthesis and structural 
determination of a hexagonal Ba2FeIrO6 double perovskite, primarily 
utilizing X-ray powder diffraction (XRD). This is coupled with a de-
tailed investigation of its physical properties, specifically its electronic 
and magnetic structures through X-ray photoelectron spectroscopy 
(XPS) and magnetization measurements as a function of magnetic field 
[M(H)] and temperature [M(T)] and its electrical transport properties. 
Furthermore, first-principles calculations within the density functional 
theory (DFT) framework are employed to elucidate the fundamental 
mechanisms governing its unique magnetic and electronic features.

2. Methods

This section details the experimental and computational procedures 
employed to investigate the structural, magnetic, and optical properties 
of hexagonal Ba2FeIrO6 double perovskite. All materials synthesis, 
characterization techniques, and theoretical calculations are described 
herein.

2.1. Experimental details

A polycrystalline sample of Ba2FeIrO6 was produced by solid state 
reaction. Stoichiometric amounts of BaCO3, Fe2O3 and Ir powder were 
ground and heated in air atmosphere at 900 ◦C for 24 h and at 1100 ◦C 
for another 24 h, with intermediate grinding. The resulting powder was 
then ground, pressed into pellet and sent to a final step of 1200 ◦C 
for 48 h. After this procedure, a dark black disk of ∼10 mm diameter 
× ∼1.5 mm thickness was obtained. The formation of the intended 
crystal and its structural characterization were carried out by means 
2 
of room temperature X ray powder diffraction (XRD) using a Bruker 
D8 Discover diffractometer, operating with Cu 𝐾𝛼 radiation. The XRD 
data was taken over the angular range 10◦ ≤ 2𝜃 ≤ 90◦, with a 2𝜃 step 
size of 0.01◦. Rietveld refinement was performed using GSAS software 
and its graphical interface program [26].

High-resolution X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out using a Thermo Scientific K-Alpha spectrometer 
equipped with a monochromatic Al K𝛼 X-ray source (ℎ𝜈 = 1486.6 eV). 
Initially, survey spectra were acquired to verify the elemental com-
position, followed by high-resolution spectra of the Fe 2𝑝 and Ir 4𝑓
core levels. Charge neutralization was performed using the built-in dual 
electron/ion flood gun. The binding energy scale was referenced to 
the adventitious C 1𝑠 peak at 284.8 eV. Peak fitting was performed 
using Thermo Avantage software after Shirley background subtrac-
tion employing mixed Gaussian–Lorentzian (GL) line shapes. For the 
Ir 4𝑓 region, the spin–orbit splitting, area ratio and full width at 
half maximum (FWHM) were constrained according to the intrinsic 
characteristics of the doublet in order to avoid non-physical fitting 
solutions. Owing to the intrinsic multiplet splitting and shake-up satel-
lite structure of the Fe 2𝑝 spectrum, the fitting procedure considered 
all characteristic spectral contributions to obtain the most reliable 
deconvolution of the mixed oxidation states.

The ac and dc magnetization measurements were carried out using 
Quantum Design Physical Property Measurement System (PPMS) equip-
ments. The dc magnetization as a function of temperature [𝑀(𝑇 )] was 
measured in both zero field cooled (ZFC) and field cooled (FC) modes. 
For the ZFC mode, the sample was cooled down to 2 K in absence of 
external field (𝐻), then 𝐻 = 1000 Oe was applied and, subsequently, 
the magnetization was captured with increasing temperature. For the 
FC mode, the 𝐻 = 1000 Oe was applied at the paramagnetic state 
(400 K), then the system was cooled down to 2 K, and subsequently 
the magnetization was picked up with increasing temperature. The 
magnetization as a function of 𝐻 [𝑀(𝐻)] was measured at 2 K, after 
ZFC the sample. For the ac magnetization measurement were also 
carried in both ZFC and FC modes, using distinct frequencies in the 
range 100–1000 Hz, and ac driving fields in the range 5–15 Oe. The 
data were recorded in two modes: (i) with a continuous temperature 
sweep, (ii) stabilizing the temperature at each measurement point.

2.2. Computational details

To investigate Ba2FeIrO6, DFT calculations were performed using 
the software Vienna Ab-initio Simulation Package (VASP) [27], em-
ploying the projector augmented wave (PAW) method [28] with the 
following valence electron configurations: Ba (5𝑠25𝑝66𝑠2), Fe (3𝑑74𝑠1), 
Ir (5𝑑86𝑠1), and O (2𝑠22𝑝4). The Perdew–Burke–Ernzerhof (PBE) formu-
lation [29] was used for the exchange–correlation functional. In the 
calculations, a plane-wave cutoff energy of 600 eV was employed. The 
k-space Brillouin zone was sampled with a (5 × 5 × 5) 𝛤 -centered 
grid. The lattice parameters and atomic positions were relaxed until 
the residual forces on the atoms were smaller than 0.001 eV/Å and the 
convergence criterion for electronic iterations was set to 1 × 10−6 eV. 
Strong Coulomb correlations were treated by the DFT+𝑈 approach [30] 
applied to the Fe-3𝑑 and Ir-5𝑑 orbitals. We investigated several combi-
nations of Coulomb (𝑈) and exchange (𝐽 ) parameters (values in eV): 
(i) 𝑈Fe = 5.00, 𝐽Fe = 0.96 and 𝑈Ir = 1.40, 𝐽Ir = 0.50; (ii) 𝑈Fe = 5.00, 𝐽Fe =
0.96 and 𝑈Ir = 1.40, 𝐽Ir = 0.96; (iii) 𝑈Fe = 7.00, 𝐽Fe = 1.00 and 𝑈Ir = 1.50, 
𝐽Ir = 0.50; and (iv) 𝑈Fe = 8.00, 𝐽Fe = 1.00 and 𝑈Ir = 1.50, 𝐽Ir = 0.50. 
The choice of these parameters was guided by previous studies of Saad 
H.-E. and Abdelhalim on similar double perovskite systems [31,32]. 
Given that the strong spin–orbit coupling typical of 5𝑑 Ir orbitals is 
crucial for the electronic and magnetic ground states, we extended our 
calculations to include SOC effects (DFT+SOC+𝑈). Additional results 
obtained with the LDA [33] and SCAN meta-GGA [34] functionals are 
available in the Supplementary Material.
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Fig. 1. (a) Rietveld refinement fitting of the XRD within the 𝑃 63∕𝑚𝑚𝑐 space 
group. The inset shows a magnified view of the 17.5◦–19.4◦ region of the 
experimental data, together with simulated patterns of 𝑃63∕𝑚𝑚𝑐 space group 
with different degrees of Fe/Ir occupancies in the 𝑀1/𝑀2 sites. (b) Schematic 
representation of the 6𝐻 crystal structure of Ba2FeIrO6.

3. Results and discussion

3.1. Experimental results

Fig.  1(a) shows the room temperature XRD pattern of Ba2FeIrO6, 
from which the crystal structure could be well refined within a 6-
layered hexagonal (6𝐻) crystal structure having space group 𝑃 63∕𝑚𝑚𝑐, 
and no trace of secondary phases was detected. This crystal symmetry 
matches with that of BaFe0.4Ir0.6O3 and other similar Ba- and Ir-
based perovskites [35–38]. On this structure, shown in Fig.  1(b), one 
transition-metal (TM)-ion site (𝑀1) is surrounded by a corner-sharing 
octahedrum of oxygens, while the other TM-site (𝑀2) is enclosed by 
oxygens forming dimmers of face- and corner-sharing octahedra [15].

An important issue regarding the physical properties of double-
perovskites is about the occupation of the TM-ion sites. This is of 
particular interest in the case of Ba2FeIrO6 compound because both 
Fe and Ir are anticipated to present the same stoichiometry on it, 
while for the dimmer-based 6𝐻 perovskites the 𝑀1 and 𝑀2 sites have 
different multiplicities (2 and 4, respectively), meaning that at least 
one of the crystallographic sites will necessarily accommodate the two 
TM ions. Therefore, prior to the Rietveld refinement, we simulated XRD 
patterns with distinct degrees of Fe/Ir occupancies at the 𝑀1/𝑀2 sites. 
The inset of Fig.  1(a) compares some selected simulations with the 
observed pattern. As can be seen, the best match is the one on which 
the 𝑀1 site is fully occupied by Fe, while 𝑀2 hosts both Fe and Ir ions. 
Therefore, this was the starting point for our investigation. Though, the 
best refinement indicates that ∼5% of the 𝑀  site is occupied by Ir, 
1

3 
Fig. 2. The XPS spectra on Ba2FeIrO6 for (a) Fe 2𝑝 and (b) Ir 4𝑓 .

also yielding 𝑎 = 𝑏 = 5.7432(1) Å, 𝑐 = 14.1951(4) Å, and 𝜒2 = 1.3, 
𝑅𝑝 = 12.4% for the reliability parameters. Attempts to refine the O-site 
occupancies yielded values close to unity. Therefore, considering the 
limited sensitivity of Cu-K𝛼 XRD to oxygen stoichiometry due to the low 
scattering factor of oxygen, the O-sites were assumed to be fully occu-
pied. The resulting Crystallographic Information File (CIF), containing 
the atomic positions, was used to initialize the DFT calculations.

To investigate the surface electronic structure of Ba2FeIrO6, high-
resolution XPS spectra of the Fe 2𝑝 and Ir 4𝑓 core levels were analyzed, 
as shown in Fig.  2. The Fe 2𝑝 spectrum exhibits the characteristic 
spin–orbit doublet together with pronounced shake-up satellite fea-
tures typical of TM oxides. The asymmetric spectral envelope clearly 
indicates that the spectrum cannot be described by a single oxidation 
state. After deconvolution, two chemically distinct contributions cor-
responding to Fe2+ and Fe3+ were identified [39–41]. Considering the 
intrinsic complexity of the Fe 2𝑝 region, which is strongly influenced by 
multiplet splitting, charge-transfer effects and satellite structures, the 
fitting was performed under physically constrained conditions in order 
to minimize non-unique solutions, resulting in a Fe3+/Fe2+ atomic ratio 
of approximately 60:40.

The Ir 4𝑓 XPS spectrum presents well-defined Ir 4𝑓7∕2 and Ir 4𝑓5∕2
spin–orbit components, as shown in Fig.  2(b). Owing to the relatively 
simple spectral structure of the Ir 4𝑓 region compared with Fe 2𝑝, the 
oxidation-state assignment is considerably more reliable, supporting 
the existence of mixed-valence iridium ions within the near-surface re-
gion [42,43]. The peak fitting yields a Ir4+/Ir5+ ratio of approximately 
80:20.

Interestingly, these findings contrast with previous investigations of 
the resemblant double perovskites (Ca,Sr)2FeIrO6, on which a nearly 
Fe3+/Ir5+ electronic configuration was observed [44–46]. For the ex-
tensively studied half-metallic FeMo-based double perovskites, early 
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investigations of (Ba,Sr,Ca)2FeMoO6 demonstrated that Fe predomi-
nantly adopts a trivalent oxidation state when the A-site is occupied 
by the smaller Ca2+ and Sr2+ ions. In contrast, the larger ionic radius 
of Ba2+ promotes a tendency toward Fe2+ formation, although a sig-
nificant fraction of Fe3+ ions remains present [47,48]. Our results for 
Ba2FeIrO6, together with previous reports on the isovalent Ca2+ and 
Sr2+ substitutions, suggest that a similar trend may occur in FeIr-based 
double perovskites.

In this context, the simultaneous observation of Fe2+/Fe3+ and 
Ir4+/Ir5+ demonstrates that Ba2FeIrO6 exhibits an electronically het-
erogeneous surface characterized by mixed-valence states. Rather than 
representing isolated chemical defects, these oxidation states indicate 
the occurrence of local electronic charge redistribution within the 
double-perovskite lattice. Such redistribution is commonly associated 
with subtle deviations from the ideal local environment, including 
lattice distortions, anti-site disorder between transition-metal cations 
and slight departures from perfect oxygen stoichiometry. Although the 
present XPS measurements do not allow direct quantification of oxygen 
vacancies, the coexistence of multiple oxidation states is fully consistent 
with local charge-compensation mechanisms frequently reported for 
complex transition-metal oxides.

This interpretation is in excellent agreement with the structural 
characterization presented in this work. The hexagonal crystal structure 
confirmed by Rietveld refinement suggests that the local coordination 
environment around the transition-metal ions is not perfectly uniform. 
Such local structural distortions modify the crystal field surrounding 
Fe and Ir ions, promoting partial electronic redistribution without nec-
essarily changing the long-range crystallographic symmetry detected 
by X-ray diffraction. Consequently, the mixed-valence configuration 
observed by XPS can be regarded as the electronic manifestation of 
these local structural distortions.

It should be emphasized that caution is required when interpreting 
the TM valences estimated from XPS measurements on bulk samples. 
Although this technique provides valuable information regarding local 
electronic compensation mechanisms that are often inaccessible by bulk 
characterization, it probes only the outermost few nanometers of the 
material, with the estimated oxidation states representing the near-
surface electronic configuration. TM oxides are well known to exhibit 
surface effects. For instance, a detailed investigation of the Fe oxidation 
state in Ba2Ca0.67Fe0.33NbO6−𝛿 revealed that the concentration of Fe2+
in the near-surface region is approximately three times higher than that 
in the bulk [41]. Nevertheless, the present results provide evidence for 
mixed oxidation states of both Fe and Ir in Ba2FeIrO6, at least within 
the surface and near-surface regions probed by XPS.

Fig.  3(a) shows the ZFC-FC 𝑀(𝑇 ) curves, measured from 2 K to 
400 K with 𝐻 = 1000 Oe. Both curves exhibit paramagnetic (PM) 
behavior for a large temperature-interval. However, a sharp peak is 
clearly noticed at low temperatures in the ZFC curve, as typically 
found in antiferromagnetic (AFM) systems. On the other hand, the 
FC magnetization continuously increases down to the lowest measured 
temperature, with a bifurcation between the curves starting to develop 
below ∼20 K. These features suggest that the AFM coupling is uncom-
pensated, possibly related to the presence of distinct magnetic moments 
in the system and/or due to spin-canting.

The reciprocal magnetic susceptibility (𝜒−1) dependence with tem-
perature, depicted at the inset of Fig.  3(a), reveals a deflection at the 
PM region that signals to a deviation from the Curie–Weiss (CW) behav-
ior. Taking into account a possible non-negligible spin–orbit coupling 
on Ir, a Van Vleck constant 𝜒0 was added to the CW equation in attempt 
to fit the PM region of the curve [17,49,50], resulting in the following: 

𝜒 = 𝜒0 +
𝐶

𝑇 − 𝜃𝐶𝑊
, (1)

where 𝜃𝐶𝑊  is the CW-temperature and 𝐶 = 𝜇2
𝑒𝑓𝑓 /8 is the Curie constant 

(𝜇𝑒𝑓𝑓  = g
√

𝑆(𝑆 + 1) is the effective magnetic moment). The best fit of 
the PM region yields 𝜃 ≃ −5.9 K, 𝜒 ≃ 1.2 × 10−3 emu/Oe and 𝜇
𝐶𝑊 0 𝑒𝑓𝑓

4 
Fig. 3. (a) ZFC-FC 𝑀(𝑇 ) curves measured with 𝐻 = 1000 Oe. The inset 
shows the ZFC 𝜒−1 curve, where the straight line corresponds to best fit of 
PM region with the adapted CW law (see text). (b) 𝑀(𝐻) curve measured at 
2 K, where the inset shows a magnified view of the low 𝐻 region, highlighting 
the system’s magnetic coercivity.

≃ 3.6𝜇𝐵/f.u. The 𝜒0 value is in the range usually found for Ba-based 
hexagonal perovskites [17,49–52], while 𝜃𝐶𝑊  is reasonably close to 
the material’s magnetic ordering temperature, with its negative sign en-
dorsing the scenario of AFM interactions. The 𝜇𝑒𝑓𝑓 , however, is signif-
icantly smaller than expected for a system presenting Fe3+/Fe2+ [53], 
even if one assumes that a non-negligible SOC leads to a quenched 
magnetic moment for Ir5+ [49]. Here we recall that, contrasting to 
most of the double-perovskites that exhibit a 3-dimensional rock-salt ar-
rangement for the TM ions, in our hexagonal perovskite the 𝑀1O6 layer 
and the 𝑀2O6 dimers form a magnetic structure of reduced dimension-
ality, certainly impacting the material’s magnetic properties [15,54]. 
Furthermore, as we shall see later, our results of electrical transport 
signals to a very small band gap for this system, while the electronic 
structure calculations suggest an intrinsic metallic character. Both the 
low dimensionality and the delocalized character of Fe/Ir electrons are 
expected to contribute for the deviation from the CW law [55].

Fig.  3(b) shows the 𝑀(𝐻) curve measured for Ba2FeIrO6 at 2 K. 
Although there is no tendency of saturation typical of FM materials, 
the shape of the curve neither exhibits the linear behavior expected for 
a purely AFM system. Furthermore, a coercive field 𝐻𝐶 ≃ 0.12 T is 
noticed at the inset of the figure. These features give further indicative 
of uncompensated AFM coupling that results in ferrimagnetic (FIM) 
behavior. From these results, however, it is not possible to determine 
whether this net moment comes from uncompensated interactions be-
tween two distinct TM ions, from spin-canting or even from a spin 
glass (SG)-like state. The use of additional techniques is paramount to 
unravel this issue.
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Fig. 4. (a) 𝜒 ′
𝑎𝑐 curves measured with the temperature varying in the sweep mode in ℎ𝑎𝑐 = 5 Oe, 𝑓 ranging from 100 to 10,000 Hz. The inset shows a magnified 

view of the low temperature region of eight 𝜒 ′
𝑎𝑐 curves for which the temperature was stabilized in each measured point. (b) 𝑇𝑓  as a function of f, on which the 

straight line represents the best fit with the dynamic scaling equation. (c) 𝜒 ′
𝑎𝑐 curves measured with ℎ𝑎𝑐 = 5 and 15 Oe in fixed 𝑓 = 1000 Hz. (d) ZFC-FC 𝜒 ′

𝑎𝑐
curves measured with 𝑓 = 4500 Hz and 𝐻𝑑𝑐 = 1000 Oe superimposed to ℎ𝑎𝑐 = 5 Oe.
 
In order to gain further insight into the nature of the low-temperature
peak observed in the ZFC dc magnetization data, we performed ac 
magnetic susceptibility measurements with continuous temperature 
sweep under an oscillating field of ℎ𝑎𝑐 = 5 Oe and at seven excitation 
frequencies (𝑓 ) ranging from 100 to 10,000 Hz. Fig.  4(a) depicts the 
real part of the ac magnetic susceptibility, 𝜒 ′

𝑎𝑐 . As can be seen, the 
peak magnitude decreases with increasing 𝑓 , while a subtle shift of the 
peak position (𝑇𝑓 ) toward higher temperatures is also observed. Such 
a frequency dependence could, at first glance, suggest the presence of 
a glassy magnetic state [56].

To determine the peak position more accurately, additional 𝜒𝑎𝑐 mea-
surements were performed at eight frequencies, with the temperature 
stabilized at each measurement point. A magnified view of the peak 
region, shown in the inset of Fig.  4(a), confirms that the 𝑓 -induced 
shifts are indeed very small. Fig.  4(b) shows the dependence of 𝑇𝑓  on 
𝑓 , together with the best fit obtained using the critical slowing down 
equation of the dynamic scaling theory, commonly employed for glassy 
magnetic systems [57] 
𝜏
𝜏0

=
[ (𝑇𝑓 − 𝑇𝐶 )

𝑇𝐶

]−𝑧𝜈

, (2)

where 𝑇𝐶 is the transition temperature (corresponding to the limiting 
value of 𝑇𝑓  as 𝑓 → 0), 𝑧𝜈 is the dynamic critical exponent, and 𝜏0 is 
the microscopic relaxation time. The fit yields 𝑇𝐶 ≃ 5.0 K, 𝑧𝜈 ≃ 9.4 and 
𝜏0 ≃ 6.1 × 10−14 s. Such a small value for the characteristic relaxation 
time is generally associated with the relaxation of individuals, or only 
weakly interacting, magnetic moments rather than with the cooperative 
dynamics characteristic of SG-like states [58].
5 
To further investigate the magnetic dynamics, ac susceptibility mea-
surements were also performed at a fixed frequency of 𝑓 = 1000 Hz 
while varying the excitation field amplitude from ℎ𝑎𝑐 = 5 to 15 Oe. 
The resulting 𝜒 ′

𝑎𝑐 curves divided by the driving field, shown in Fig. 
4(c), exhibit an almost complete overlap. This linear response for such 
large driving fields differs from that typically observed in SG systems, 
which generally display a significant dependence on the excitation field 
amplitude, and is instead more consistent with AFM ordering [56].

Finally, ZFC and FC ac susceptibility measurements were carried 
out under a superimposed dc magnetic field of 𝐻𝑑𝑐 = 0.1 T and an ac 
excitation field of ℎ𝑎𝑐 = 5 Oe. The resulting curves, shown in Fig.  4(d), 
nearly coincide over the entire temperature range investigated. Once 
again, this behavior is inconsistent with the presence of a conventional 
glassy magnetic state. Therefore, although complementary microscopic 
probes, such as muon spin spectroscopy and neutron powder diffrac-
tion, are still required for a definitive determination of the magnetic 
ground state of Ba2FeIrO6, the present results strongly suggest that the 
peak detected in the magnetization measurements is associated with 
AFM ordering, from which the weak frequency dependence observed 
in the ac susceptibility may arise from a small fraction of slowly 
fluctuating individual magnetic moments related to cation disorder 
and/or grain-boundary effects. These moments appear to be sufficiently 
dilute or weakly coupled that they do not develop the cooperative 
dynamics typically expected for a SG phase.

The electrical resistivity (𝜌) was measured from 400 K down to 
∼20 K, below which the resistance achieved the limit of detection of 
the equipment. Qualitatively, the shape of the curve shown in Fig. 
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Fig. 5. Temperature dependence of 𝜌. The inset shows the fit of the high 
temperature region of the curve with the thermally activated model.

5 suggests a semiconducting/insulating-like behavior. Therefore, the 
thermally activated mechanism was checked out by fitting the high 
temperature region of the curve with the Arrhenius law: 
𝑙𝑛𝜌 = 𝑙𝑛𝜌0 + 𝐸𝐺∕𝑘𝐵𝑇 , (3)

where 𝜌0 is a pre-exponential factor, 𝑘𝐵 is the Boltzmann constant and 
𝐸𝐺 is the activated band gap. The best fit, depicted at the inset of Fig. 
5, yields 𝜌0 ≃ 6 × 10−4 𝛺cm and 𝐸𝐺 ≃ 0.24 eV, which is smaller than 
values usually found for insulators or even semiconductors [59]. Here 
we recall the polycrystalline character of the sample here investigated. 
In polycrystalline double perovskites, the highly defective nature of the 
grain’s surface may preclude the electronic transport through the grain 
boundaries even when the core is metallic [60]. Hence, one cannot 
rule out a scenario where Ba2FeIrO6 is intrinsically metallic, with 
grain boundaries effects being responsible for its apparent insulating 
character.

3.2. DFT-based results

Before analyzing the DFT results, the Goldschmidt tolerance fac-
tor (𝑓 ) [61], shown in Table  1, was calculated using the following 
equation: 

𝑓 =
𝑅Ba + 𝑅O

√

2
(

(𝑅Fe∕2) + (𝑅Ir∕2) + 𝑅O
)

. (4)

To determine the effective ionic radii (𝑅Fe and 𝑅Ir), we utilized Shan-
non’s tables [62] alongside the mixed oxidation states obtained from 
X-ray photoelectron spectroscopy (XPS) measurements. The individual 
ionic radii used for the fixed lattice sites were 𝑅Ba2+ = 1.61 Å and 
𝑅O2− = 1.35 Å, while the iridium species were taken as 𝑅Ir4+ = 0.625 Å 
and 𝑅Ir5+ = 0.57 Å. For the iron species, the radii depend heavily on the 
spin state: 𝑅Fe3+ = 0.645 Å [High-Spin (HS)] or 0.55 Å [Low-Spin (LS)], 
and 𝑅Fe2+ = 0.78 Å (HS) or 0.61 Å (LS). According to the XPS data, the Ir 
site was modeled with a weighted proportion of 80% Ir4+ and 20% Ir5+. 
For the Fe site, two possible configurations were evaluated to compute 
the weighted average radius: (i) 60% Fe3+ (LS) and 40% Fe2+ (LS), and 
(ii) 60% Fe3+ (HS) and 40% Fe2+ (HS). Using these explicit radii and 
proportions, the calculations yield 𝑓 = 1.08 for the LS case and 𝑓 = 1.04
for the HS case. Generally, for double perovskites, a tolerance factor of 
𝑓 > 1.0 indicates a hexagonal structure [10,63], which perfectly aligns 
with the XRD measurements presented in this work.

Comparing the DFT and experimental results of the structural prop-
erties [see Table  1], it is possible to observe good agreement regarding 
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Table 1
Comparison between experimental (XRD) and DFT (GGA-PBE) structural pa-
rameters, tolerance factor (𝑓 ) for the LS (HS) states, standard enthalpy of 
formation, and bond lengths of Ba2FeIrO6.
 Parameter DFT-calc. XDR-Exp. 
 Lattice Parameters and Other Properties
 𝑎 (Å) 5.78 5.74  
 𝑏 (Å) 5.78 5.74  
 𝑐 (Å) 14.28 14.19  
 𝑉  (Å3) 413.48 405.50  
 𝑉 ∕𝑍 (Å3) 137.83 135.17  
 𝑓 1.08(1.04) –  
 Δ𝐻◦

𝑓  (KJ/mol) −1729, 73 –  
 Bond Angles
 Ir𝑀2 – O2 – Fe𝑀1 178◦ 175◦  
 Fe𝑀2 – O2 – Fe𝑀1 176◦ 175◦  
 Ir𝑀2 – O1 – Fe𝑀2 85◦ 90◦  
 Ir𝑀2 – O1 – Ir𝑀2 83◦ 90◦  
 Bond Distances (Å)
 Ir𝑀2 – O2 1.98 2.01  
 Fe𝑀1 – O2 2.06 1.96  
 Ir𝑀2 – O1 2.03 1.93  
 Fe𝑀2 – O2 2.02 1.93  

the structural parameters. The deviation between the experimental 
values and the DFT results is approximately 0.7% for 𝑎 and 𝑏, and 
0.63% for 𝑐. Regarding the bond angles, the angle associated with the 
corner-sharing oxygen (O2) is close to 180◦ in both experimental and 
DFT calculations, as expected. However, the bond angle associated with 
the face-sharing oxygen (O1) disagrees with the value of 70.5◦ reported 
in the literature [15]. Instead, both our experimental and DFT results 
indicate an angle closer to 90◦. These wider bond angles lead to an 
increased distance between the TM ions, which can have a significant 
impact on the physical properties of Ba2FeIrO6. A comparison between 
the bond distances of the theoretical cubic Ba2FeIrO6 reported in the 
literature [31] (Fe–O = 2.02 Å and Ir–O = 1.98 Å) and our DFT results 
for the hexagonal phase reveals a deviation of less than 3%.

In addition, the standard enthalpy of the formation energy (𝛥𝐻◦
𝑓 ) 

was obtained through DFT total energies of Ba2FeIrO6 and its con-
stituent elements, following the relation: 
𝛥𝐻𝑂

𝑓 = 𝐸𝑇 𝑜𝑡 − (2𝐸Ba + 𝐸Fe + 𝐸Ir + 6𝐸O), (5)

where 𝐸Tot is the total energy of the system, while 𝐸Ba, 𝐸Fe, 𝐸Ir , and 
𝐸O2

 correspond to the energies of bulk Ba, Fe, Ir, and the O2 molecule, 
respectively. The negative value of 𝛥𝐻𝑂

𝑓  indicates that Ba2FeIrO6 is 
thermodynamically stable.

Following the structural characterization of Ba2FeIrO6 double per-
ovskite, we studied its magnetic properties. The unit cell of Ba2FeIrO6
contains 6 magnetic atoms (3 Fe and 3 Ir), resulting in a total of 26 = 64
possible spin configurations. Among these, 20 are antiferromagnetic 
(AFM) configurations (defined by an equal number of up and down 
spins). By discarding symmetrically redundant cases, 32 unique spin 
configurations remain. We performed SCF calculations using the GGA 
functional for all the 32 unique configurations. Upon relaxation, the 
32 initial configurations converged to 7 distinct magnetic states. The 
lowest-energy configuration is presented in Fig.  6, while the remaining 
configurations are shown in Supplementary Material.

Once the lowest-energy spin configuration was determined, it was 
necessary to apply corrections to the exchange–correlation functional. 
Due to the localized nature of the 𝑑 electrons, the standard GGA 
functional is insufficient because it can lead to an over-delocalization of 
electrons, resulting in an incorrect description of many TM oxides with 
strongly localized 𝑑 electrons [34]. Therefore, calculations were per-
formed using the DFT+𝑈 method with several 𝑈 values, as described 
in the Computational Details. We report here the results obtained with 
𝑈 = 5.00 eV, 𝐽 = 0.96 eV and 𝑈 = 1.40 eV, 𝐽 = 0.50 eV. This choice 
Fe Fe Ir Ir
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Fig. 6. Isosurface of spin magnetization density at 0.02 𝑒∕Å3 with yellow for 
spin-up and blue for spin-down.

is justified because the electronic band structure remained qualitatively 
similar upon varying 𝑈 , as demonstrated in the electronic properties 
section and will be discussed in greater depth in the next section.

To investigate the origin of the observed uncompensated antiferro-
magnetic (AFM) coupling, we explored the possibility of spin canting 
using DFT calculations with spin–orbit coupling (SOC). To assess the 
stability of the magnetic ground state, we compared the total energies 
of a constrained collinear configuration along the 𝑧-axis (𝐸𝑧) and a 
relaxed non-collinear setup (𝐸𝑛𝑐𝑙) initialized with off-axis components. 
Our results indicate that the collinear ferrimagnetic order is energeti-
cally more favorable, with the 𝑧-aligned state being lower in energy by: 
𝛥𝐸 = 𝐸𝑛𝑐𝑙 − 𝐸𝑧 ≈ 3.02meV. (6)

All magnetic calculations were performed using the optimized geome-
try obtained from the initial collinear relaxation. To ensure that the 
energy difference 𝛥𝐸 = 3.02 meV is strictly attributed to magnetic 
anisotropy and non-collinear effects, the ionic positions and cell param-
eters were kept fixed in both the 𝑧-aligned and the relaxed non-collinear 
runs. Although a subtle spin canting cannot be entirely ruled out in 
experimental polycrystalline samples due to local structural distortions 
or thermal fluctuations, it does not alter the fundamental electronic 
conclusions of this study. For completeness, a table containing the 
calculated local magnetic moments for the relaxed non-collinear con-
formation is provided in the Supplementary Material. Hereafter, we 
proceed with the discussion focusing on the lower-energy collinear 
configuration.

From Table  2, it is also evident that the magnetic moment of the Fe 
atoms is sensitive to the Hubbard 𝑈 parameter, while the Ir moments 
are much more sensitive to spin–orbit coupling (SOC), as expected. 
A similar behavior is observed in the cubic counterpart, despite the 
fact that the cubic phase is ferromagnetic [31]. Also, as tabulated in 
Table  2, the calculated local magnetic moments for Ba2FeIrO6 exhibit a 
pronounced site-dependence. Within the GGA+SOC+𝑈 framework, the 
Fe sites in corner-sharing octahedra (𝐵′

1 and 𝐵′
4) exhibit spin moments 

of approximately 4.14 and −4.16 𝜇𝐵 , consistent with a high-spin con-
figuration modulated by Fe(3𝑑)–O(2𝑝) hybridization. In contrast, the 𝐵′

6
site shows a significantly suppressed Fe spin moment of 3.69 𝜇𝐵 , which 
we attribute to the enhanced direct 𝑑–𝑑 orbital overlap and electronic 
7 
Table 2
Calculated spin magnetic moments (orbital moments) [in 𝜇𝐵] of B’(Fe), B"(Ir) 
and two oxygen atoms. The sites shown in Fig.  6.
 Site GGA GGA+U GGA+SOC GGA+SOC+U 
 B1 ’(Fe) 3.57 4.14 3.58 4.14(0.07)  
 B2 ’’(Ir) 0.48 0.35 0.43 0.43 (0.12)  
 B3 ’’(Ir) −0.86 −0.86 −0.65 −0.55(−0.11) 
 B4 ’(Fe) −3.75 −4.14 −3.77 −4.16(−0.07) 
 B5 ’’(Ir) −0.92 −1.11 −0.72 −0.86(−0.08) 
 B6 ’(Fe) 2.37 3.73 2.33 3.69(0.02)  
 O1 −0.04 −0.08 −0.03 −0.06  
 O2 −0.23 −0.19 −0.19 −0.18  
 Total mom. 0.48 0.55 0.96 2.26(−0.10)  

delocalization characteristic of the face-sharing geometry. The Ir spin 
moments are notably lower (0.43, −0.55, and −0.86 𝜇𝐵), indicating the 
presence of low-spin 𝑑4 state where the interplay between strong SOC 
and local trigonal distortions leads to a nearly non-magnetic 𝐽eff = 0
ground state.

Regarding the orbital contribution, the moments at the Fe sites 
(0.07, −0.07, and 0.02 𝜇𝐵) are nearly quenched, as expected for a 
half-filled 𝑑-shell. In contrast, the Ir sites display substantially larger 
orbital moments (0.12, −0.11, and −0.08 𝜇𝐵), reflecting the much 
stronger spin–orbit coupling of the 5𝑑 states. Across all sites, the orbital 
moments are coupled parallel to their respective spin moments. This 
complex coexistence of positive and negative local moments confirms 
a ferrimagnetic (FiM) ordering with a net total moment of 2.26 𝜇𝐵 per 
unit cell. This result clarifies the origin of the net magnetism as arising 
from the inequivalence of magnetic moment magnitudes on different 
sites (uncompensated AFM coupling) rather than spin-canting, showing 
excellent agreement with our experimental data.

To investigate the electronic structure of the Ba2FeIrO6 double per-
ovskite in detail, Fig.  7 presents the band structure and density of states 
(DOS) calculated using GGA-PBE, GGA+𝑈 , and GGA+SOC+𝑈 . The 
parameters were set to 𝑈Fe = 5.00 eV (𝐽Fe = 0.96 eV) and 𝑈Ir = 1.40 eV 
(𝐽Ir = 0.50 eV). The high-symmetry path used for these calculations 
is illustrated in Fig.  7(d) and was consistently applied throughout this 
work. Figs.  7(a), (b), and (c) indicate a metallic ground state in the 
hexagonal Ba2FeIrO6, with no energy gap at the Fermi level (𝐸𝐹 ). 
Near 𝐸𝐹 , the DOS is dominated by Ir 5𝑑 and O 2𝑝 orbitals, reflecting 
the strong hybridization typical of hexagonal perovskites with face-
sharing octahedra, while the Fe 3𝑑 states contribute significantly to the 
conduction band.

In contrast, previous studies on the cubic polymorph of Ba2FeIrO6 
have reported half-metallic behavior [31]. The absence of such a gap 
in the present 6H phase highlights the critical role of structural connec-
tivity. In particular, the face-sharing geometry is expected to broaden 
the electronic bands through enhanced orbital overlap, suppressing gap 
formation in both spin channels and stabilizing the metallic ferrimag-
netic state obtained in our calculations. However, it is well known 
that standard GGA functionals tend to underestimate band gaps or 
even fail to describe Mott-insulating states. While the temperature-
dependent resistivity of our polycrystalline sample suggested a small 
activation gap of 0.24 eV, our DFT results remain metallic even upon 
the inclusion of Hubbard 𝑈 and SOC. Additional calculations using 
various 𝑈 values within LDA, GGA and SCAN meta-GGA frameworks, 
provided in the Supplementary Material, further confirm the absence of 
an electronic bandgap. These results suggest that the intrinsic ground 
state of Ba2FeIrO6 is metallic, while the resistive behavior likely stems 
from morphological or transport-related effects.

The metallic nature of Ba2FeIrO6 can be rationalized in terms of the 
6H-hexagonal topology discussed above. In this structure, the reduced 
metal–metal distance within the face-sharing dimers enhances direct d–
d orbital overlap, which promotes increased electronic delocalization. 
As a consequence, the kinetic energy gain associated with electron 
hopping can partially counterbalance correlation-driven localization 
effects.
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Fig. 7. Electronic band structures and corresponding density of states (DOS) calculated using: (a) GGA-PBE, (b) GGA-PBE+U, (c) GGA-PBE+SOC+U (where 
𝑈Fe = 5.00 eV, 𝐽Fe = 0.96 eV, 𝑈Ir = 1.40 eV, and 𝐽Ir = 0.50 eV) and (d) The first Brillouin zone of the hexagonal lattice (black), highlighting the high-symmetry 
path (green) along which the electronic structure was calculated.
4. Conclusions

In summary, we have investigated the structural, magnetic, and 
electronic properties of the hexagonal double perovskite Ba2FeIrO6
through a combined experimental and computational approach. X-
ray diffraction analysis confirmed that the compound, synthesized by 
a conventional solid-state reaction, crystallizes in a 6H-type hexago-
nal structure (space group 𝑃 63∕𝑚𝑚𝑐), characterized by a sequence of 
face-sharing 𝐵𝑂6 octahedral dimers. This specific connectivity leads 
to Ir–O–Fe bond angles near 90◦, which significantly moderates the 
exchange interactions compared to the more common corner-sharing 
cubic perovskites.

Magnetic measurements revealed a complex magnetic ground state 
with a transition temperature of approximately 5.0 K, most likely 
associated with AFM coupling between the TM ions. The observed di-
vergence between zero-field-cooled (ZFC) and field-cooled (FC) curves, 
coupled with a distinct coercive field (𝐻𝐶 ≃ 0.12 T) and the char-
acteristics of the dynamic magnetization, suggest a ferrimagnetic-like 
behavior, possibly associated to the presence of distinct magnetic mo-
ments along the lattice. Our DFT+U calculations successfully elucidated 
this state, identifying it as an uncompensated antiferromagnetic con-
figuration. The net magnetization arises not from spin-canting, but 
from the site-dependent magnetic moments of Fe and Ir ions occupying 
different crystallographic positions (𝑀1 and 𝑀2 sites), which do not 
fully cancel out.

Regarding the electronic nature of Ba2FeIrO6, we observed a dual 
behavior: while electrical transport measurements indicate a semi-
conducting character with activation energy of 0.24 eV, DFT band 
structure calculations point toward a metallic ground state. This dis-
crepancy may be attributed to extrinsic grain boundary effects inherent 
in polycrystalline samples, masking the intrinsic metallic nature of the 
bulk. Importantly, this metallic behavior can be understood as a direct 
consequence of the 6H hexagonal topology, in which the face-sharing 
geometry enhances direct 𝑑–𝑑 orbital overlap and promotes electronic 
delocalization, effectively counteracting correlation-driven localization 
effects.
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Complementing this picture, the XPS analysis reveals that the sur-
face of Ba2FeIrO6 is characterized by a mixed-valence electronic struc-
ture involving both Fe and Ir ions. More importantly, when interpreted 
together with the XRD and magnetic measurements, the XPS results 
establish a coherent structure–property relationship in which local 
structural distortions promote electronic charge redistribution, giving 
rise to mixed oxidation states that ultimately govern the transport and 
magnetic properties of the double perovskite.

Thus, our findings highlight the critical role of face-sharing con-
nectivity and the interplay between 3𝑑 (Fe) and 5𝑑 (Ir) orbitals in 
shaping the physical properties of hexagonal perovskites, establishing 
a clear structure–property relationship that may guide the design of 
related 3𝑑–5𝑑 hexagonal oxides for spintronic and quantum material 
applications.
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