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Abstract

We experimentally investigate the structural, magnetic, transport, and electronic properties
of two d5 iridate double perovskite materials La2BIrO6 (B = Mg, Zn). Notably, despite
similar crystallographic structure, the two compounds show distinctly different magnetic
behaviors. The M = Mg compound shows an antiferromagnetic-like linear field-dependent
isothermal magnetization below its transition temperature, whereas the M = Zn counter-
part displays a clear hysteresis loop followed by a noticeable coercive field, indicative of
ferromagnetic components arising from a non-collinear Ir spin arrangement. The local
structure studies authenticate perceptible M/Ir antisite disorder in both systems, which
complicates the magnetic exchange interaction scenario by introducing Ir-O-Ir superex-
change pathways in addition to the nominal Ir-O-B-O-Ir super-superexchange interactions
expected for an ideally ordered structure. While spin–orbit coupling (SOC) plays a crucial
role in establishing insulating behavior for both these compounds, the rotational and tilting
distortions of the IrO6 (and MO6) octahedral units further lift the ideal cubic symmetry.
Finally, by measuring the Ir-L3 edge resonant inelastic X-ray scattering (RIXS) spectra for
both the compounds, giving evidence of spin–orbit-derived low-energy inter-J-state (intra
t2g) transitions (below ~1 eV), the charge transfer (O 2p → Ir 5d), and the crystal field
(Ir t2g → eg) excitations, we put forward a qualitative argument for the interplay among
effective SOC, non-cubic crystal field, and intersite hopping in these two compounds.

Keywords: 5d iridates; spin-orbit coupling; double perovskites; Jeff = 1/2; resonant-inelastic-
X-ray-scattering (RIXS); magnetization

1. Introduction
In contrast to the extensively studied strongly correlated 3d transition metal oxides,

the heavier 5d transition metal oxides with spatially extended 5d orbitals remained largely
unexplored until the puzzling Mott insulating ground state of a layered tetravalent d5

iridate Sr2IrO4 had been demonstrated by Kim et al. within the framework of a unique
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combination of strong SOC, large crystal electric field, and moderate on-site Coulomb repul-
sion [1]. The strong SOC splits the triply degenerate t2g orbitals of a low spin Ir4+ (5d5) ion
into completely filled Jeff = 3/2 quartet and half-filled narrow Jeff = 1/2 doublet bands. The
Jeff = 1/2 band is further split into an occupied lower Hubbard and an empty upper Hub-
bard band, introducing an energy gap in between them in presence of a moderate Coulomb
U. It is noteworthy that under strong SOC, only the total angular momentum quantum
number MJ (=Σmj) serves as ‘good quantum number’. Thus, the complex magnetic and
electronic ground states of the 5d iridium oxides can be effectively described within
J-picture. Consequently, these 5d iridates offer a suitable material playground for hosting a
plethora of possibilities in terms of the ground states arising from delicate balance between
SOC, crystal field effects, electron correlation, Hund’s exchange, noncubic crystal distortions,
electron hopping, bandwidth, and superexchange interactions within a variety of crystal struc-
tures and lattice geometries [2–7]. Among them, Jeff = 1

2 magnetic Mott state has emerged as a
particularly intriguing subject in recent condensed matter research of Ir4+-containing oxide
materials, owing to its capacity to host a variety of unconventional magnetic phases [4,7].

Double perovskite (DP) oxides of general chemical formula A2BB’O6, on the other
hand, are considered to be the most intriguing structural variant of inorganic materials
for the design of novel magnetic [8] and multiferroic [9] materials by proper choice of B
and B’. In this structure class, the ground state magnetic responses are mainly controlled
by the B/B’ cations while A is usually nonmagnetic di- or tri-valent cations. The perfect
rock-salt ordering of the corner-sharing BO6 and B’O6 octahedra introduces two interpen-
etrating fcc sublattices of B and B’, each of which forms a distinct frustrated tetrahedral
network (as shown in Figure 1). So, the interplay of various magnetic exchange interactions,
ranging from short-range nearest-neighbor (B-O-B’) to next-nearest-neighbor (B-O-B’-O-B)
interactions to long-range B/B’-sublattice orderings, can lead to unique magnetic prop-
erties [10–16]. In addition, depending on the lattice geometry and the deviation of the
B–O–B′ bond angle from the ideal 180◦, as well as the presence of strong spin–orbit coupling
(if either B or B′ is a 4d/5d transition metal), anisotropic exchange interactions, e.g., the
Dzyaloshinskii–Moriya antisymmetric exchange, may emerge, leading to spin canting in
the magnetic ground state [17,18]. In this context, Ir-based DPs with the general chemical
formula La2BIr4+O6 (where B is a magnetic or nonmagnetic divalent cation) are promising
and provide a fertile ground for diverse magnetic responses. Among them, compounds
with B = Mg and Zn exhibit A-type antiferromagnetic (AFM) order [14,15,19]; B = Mn is
ferromagnetic [20]; B = Co, Ni, and Fe possess noncollinear magnetism with either canted or
helical spin structures [21,22]; and the B = Cu compound is ordered below 74 K with a spin
structure comprising two orthogonal AFM sublattices and a very small canted moment [11].
Moreover, considering that Ir4+ ions are largely separated by B-site cations in a perfectly
B-site ordered DP, the DP compounds with Ir at B’- and any nonmagnetic cation at B-sites
are particularly suited for assessing the pure Jeff = 1

2 character in these d5 iridates.

Figure 1. Edge-shared tetrahedral network formed out of individual B/B’ cations (green spheres) of a
cubic double perovskite structure.
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In this work, we experimentally investigated the local (XAFS) and periodic (XRD)
structures, magnetic, and electrical transport properties, as well as the Ir-L3 edge resonant-
inelastic-X-ray-scattering (RIXS) spectra on two d5 iridate double perovskites La2BIrO6

(B = Mg, Zn; hereafter abbreviated as LMIO and LZIO, respectively). Despite the similar
crystallographic structure, these two compounds surprisingly show difference in the mag-
netic responses. In field-dependent isothermal magnetization measurements, the LMIO
system shows antiferromagnetic-like strictly linear M–H behavior below its transition tem-
perature, while prominent hysteresis loops along with the significant coercivity, indicative
of ferromagnetic components, appear in case of the LZIO compound below its magnetic
ordering temperature. While SOC plays a crucial role in establishing insulating transport
for both the samples, the structural analysis reveals the presence of tilting and rotational
distortions in the IrO6 octahedra in both the compounds, which contribute to lifting out the
cubic symmetry. Finally, by carrying out high-resolution low-energy and low-resolution
high-energy Ir L3-edge RIXS (resonant inelastic X-ray scattering) measurements, we probed
the spin–orbit-derived intra-t2g (i.e., inter-J-state) transitions (below ~1 eV), the charge
transfer (O 2p → Ir 5d), and the crystal field (Ir t2g → eg) excitations. These observations
enable us to make a qualitative description on the effective SOC of Ir, non-cubic crystal
field, Hund’s exchange, and intersite hopping in these two compounds in light of the novel
Jeff = 1

2 state.

2. Results and Discussion
2.1. Crystal Structure from X-Ray Powder Diffraction (XRPD)

The room-temperature crystal structures of both compounds were determined by
analyzing the X-ray powder diffraction (XRPD) patterns obtained from their respective
polycrystalline samples, as shown in Figure 2a,b.

The Rietveld refinements clearly reveal that both LMIO and LZIO samples crystallize
in a pure single phase within the monoclinic P21/n space group. The periodic (crystallo-
graphic) structure indicates the B-site alternatively occupied by Mg/Zn and Ir (Figure 2c,d)
giving rise to a monoclinic distorted double perovskite structure, where the larger La
cations are accommodated close to the center of the pseudocubic cavity, surrounded by
the octahedral IrO6 /BO6 units. Each of the (Mg/Zn)O6 and IrO6 octahedral motifs are
arranged separately in an fcc lattice, which then constructs distinct edge-shared tetrahedral
networks of Ir- (Figure 1) and Zn/Mg. In addition, careful structural analysis clearly demon-
strates B/B’ antisite disorder in both La2ZnIrO6 (~8%) and La2MgIrO6 (~10%), which is larger
compared to the previous report [19] but resembles the neutron powder diffraction results
on the similar DP compounds Sr2MgIrO6 and Sr2ZnIrO6 [23]. The refined lattice parameters,
atomic positions, site-occupancy, along with the goodness factors are tabulated in Table 1.

An important structural aspect in the DP class of materials is the presence of octahedral
distortion which is determined by the Goldschmidt tolerance factor [24] based on the ionic
radii of the A and B site atoms. In both LMIO and LZIO samples, the monoclinic distortions
originating from (i) the inter-octahedral tilting, causing the deviation of Mg/Zn-O-Ir bond
angle from 180◦ (Table 2) as well as (ii) the intra-octahedral bond rotations, causing the
O-Ir-O and O-Mg/Zn-O bond angles are different from the ideal 90◦ or 180◦ (Figure 2e,f
and Table 2). In addition, each Ir ion is acted upon by a local noncubic crystal field in both
the materials due to the presence of three dissimilar Ir-O bond distances (see Figure 2e,f).
All these factors naturally renormalize the effective SOC strength of Ir through modification
in the bandwidth, hybridization, hopping, and crystal field effects, and consequently will
cause redistribution of the Ir energy levels for both the systems. It is important to note at
this point that since the magnetic interactions between the Ir moments are mediated via Ir-
O-Mg/Zn-O-Ir super-superexchange pathways, the Ir-O-Mg(Zn) bond angles play a crucial



Condens. Matter 2025, 10, 53 4 of 17

role in the ground state magnetism of these two DP systems. Furthermore, as envisioned
from Figure 2g,h, the isosceles triangular network of Ir in both the compounds would
possibly weaken the geometric exchange frustration, thus influencing the nearest-neighbor
magnetic exchange interaction strengths for all of the Ir sites [25,26].
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Figure 2. (a,b) Rietveld refined XRD patterns of the two samples. Open black circles and the
continuous red line represent the experimentally observed data and the theoretically calculated
pattern, respectively. The continuous blue line represents the difference between the observed and
calculated patterns while the vertical green ticks indicate the Bragg peak positions. The refined crystal
structures for (c) La2MgIrO6 and (d) La2ZnIrO6; IrO6 octahedral rotational distortion (deviation of
O-Ir-O bond angles from ideal 90◦) for (e) La2MgIrO6 and (f) La2ZnIrO6. Finally, the isosceles Ir
triangles, with the dissimilar Ir-Ir distances for (g) La2MgIrO6 and (h) La2ZnIrO6 compounds.

Table 1. Results of the Rietveld refinement carried out on La2MgIrO6 and La2ZnIrO6 XRPD
data (300 K). The refinements were carried out using a single phase with monoclinic P21/n space
group. Unit cells parameters and statistical refinement quality factors for La2MgIrO6 are as follows:
a = 5.5868(2) Å, b = 5.6243(2) Å, c = 7.9105(1) Å; α = γ = 90◦, β = 90.018(1)◦; The fixed or constant
values are labeled by asterisk (*). Rp = 13.1, Rwp= 14.1, Rexp= 7.46, and χ2 = 3.57; unit cells parameters
and statistical refinement quality factors for La2ZnIrO6 are as follows: a = 5.5988(7) Å, b = 5.6819(0) Å,
c = 7.9395(1) Å; α = γ = 90◦, β = 90.021(8)◦; Rp = 13.9, Rwp = 12.8, Rexp = 6.91, and χ2 = 3.43.

Sample Atom Occupancy x y z

La2MgIrO6 La 1 0.4999(1) 0.5349(1) 0.2495(2)
Mg1/Ir1 0.9188(2)/0.0812 0.5 0 0
Ir2/Mg2 0.9188 */0.0812 0 0.5 0

O1 1 0.2109(4) 0.1985(2) −0.0425(1)
O2 1 0.2698(4) 0.7278(5) −0.0502(1)
O3 1 0.4267(5) −0.0168(2) 0.2576(4)

La2ZnIrO6 La 1 0.5019(2) 0.5457(3) 0.2481(5)
Zn1/Ir1 0.8965(6)/0.1035 0.5 0 0
Ir2/Z2 0.8965 */0.1035 0 0.5 0

O1 1 0.2153(6) 0.2002(4) −0.0341(3)
O2 1 0.3016(5) 0.7325(4) −0.0522(5)
O3 1 0.4063(5) −0.0223(5) 0.2364(6)
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Table 2. An estimation of octahedral distortions in the form of deviated bond angles.

Type of Distortion Connectivity La2MgIrO6 La2ZnIrO6

Tilting Ir-O3-Mg/Zn 156.00(1)◦ 149.50(1)◦

Ir-O2-Mg/Zn 155.47(5)◦ 151.86(2)◦

Ir-O1-Mg/Zn 152.10(6)◦ 155.56(4)◦

Rotational O1-Ir-O3 89.94(6)◦ 93.57(2)◦

O1-Ir-O2 93.57(4)◦ 91.27(4)◦

O2-Ir-O3 86.13(5)◦ 88.17(6)◦

2.2. Local Structure from Extended X-Ray Absorption Fine Structure (EXAFS)
Spectroscopic Study

In a perfectly B-site ordered double perovskite, each B cation is ideally surrounded by
six B′ cations and no B neighbors. In contrast, in a completely disordered B-site configura-
tion, B and B′ cations are randomly distributed, resulting in an average of three B and three
B′ neighbors around each B/B′ site. The DP structure is known to be highly prone to antisite
disorder [27,28], which can lead to local (non-periodic) chemical environments that differ
from the globally ordered (periodic) structure revealed by crystallographic analysis [29–31].
Such local chemical disorder can significantly affect the physical properties of the material,
potentially leading to unexpected differences in electronic and magnetic behaviors despite
similar crystallographic frameworks. In such a backdrop, in order to confirm the local
atomic distributions of both the DP iridates, the Ir L3-edge and the Zn K-edge EXAFS
measurements were carried out. The k2-weighed EXAFS structural signals along with the
theoretical best fit curves are shown in Figure 3a–f. The structural parameters, extracted
from the Zn K as well as the Ir L3-edges EXAFS data analysis (see Figure 3), are summarized
in Table 3.

Table 3. Local structure parameters extracted from the Ir L3 and Zn K-edges EXAFS fittings. In order
to reduce correlation among the parameters, constraints were applied, namely x as the fraction of
Ir-O-Mg/Zn configurations, i.e., NIr-O-Mg/Zn = 6x and NIr-O-Ir = 6(1 − x). The fixed or constrained
values are labeled by *. The absolute mismatch between the experimental data and the best fit are as
follows: R2 = 0.013 and 0.018 corresponding to the Ir L3 edge fittings of LMIO and LZIO, respectively,
while R2 = 0.019 for the Zn K-edge EXAFS data fitting of LZIO.

Sample with
Absorption Edge Shell N σ2(102 Å2) R(Å)

La2ZnIrO6
(Ir-L3 edge)

Ir-O 6.0 * 0.21(3) 2.009(4)
Ir-La1 4.0 * 0.43(5) 3.25(2)
Ir-La2 4.0 * 0.43 * 3.43(3)

Ir-Zn/Ir (SS) 5.3(2)/0.7 1.68(4) 4.01(2)
Ir-O-Zn/Ir (MS) 10.7 */1.3 1.68 * 4.07(3)

La2MgIrO6
(Ir-L3 edge)

Ir-O 6.0 * 0.22(3) 1.995(5)
Ir-La1 4.0 * 0.75(5) 3.27(6)
Ir-La2 4.0 * 0.75 * 3.43(2)

Ir-Mg/Ir (SS) 5.2(2)/0.8 0.55(3) 3.98(2)
Ir-O-Mg/Ir (MS) 10.4 */1.6 0.55 * 4.02(2)

La2ZnIrO6
(Zn-K edge)

Zn-O 6.0 0.77(2) 2.078(4)
Zn-La1 2.0 * 0.66(5) 3.26(5)
Zn-La2 4.0 * 0.97(7) 3.44(4)
Zn-La3 2.0 * 0.97 * 3.72(6)

Zn-Ir/Zn 5.4(2)/0.6 0.81(6) 3.98(2)
Zn-O-Ir/Zn 10.8 */1.2 0.81 * 4.04(6)
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Figure 3. Ir L3-edge k2 weighted experimental EXAFS data (shaded black circles) and respective best
fits (red solid line) for La2MgIrO6 (a) and La2ZnIrO6 (c) samples. The contributions from the individual
single and multiple scattering paths (solid colored line) and the residual [k2χexp—k2χth] (open orange
stars) are also indicated for these two samples; vertically shifted for clarity. (b,d) Fourier transforms of
the respective experimental data (shaded black circles) and the theoretical fitted (solid red line) curves.
The real (Real part) and the imaginary parts (Imm) are shown; vertically shifted for clarity. In addition,
(e) The Zn K-edge k3 weighted experimental EXAFS data (shaded black circles) and the corresponding
best fit (red solid line) for La2ZnIrO6 sample. The contributions from the individual single and multiple
scattering paths (solid colored line) and also the residual [k2χexp—k2χth] (open orange stars) are also
indicated; vertically shifted for clarity. (f) Fourier transforms of the experimental data (shaded black
circles) and the theoretical fitted (solid red line) curve. The real (Real part) and the imaginary parts (Imm)
are shown; vertically shifted for clarity.
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The average local structure around Ir (in both LZIO and LMIO) and Zn (in LZIO) is
consistent with the crystallographic structure obtained from XRD refinements. Specifically,
the Ir L3-edge EXAFS analysis confirms a Mg/Zn-Ir antisite disorder of approximately 10% in
both the samples. This finding is further confirmed by the Zn K-edge EXAFS data of LZIO,
which coherently reports about 10% of local Zn-Ir chemical disorder around the Zn site.

For both the compounds, the average Ir-O bond lengths appear shorter compared to
the average distances between Ir and nearest O lattice positions (being 2.02 Å and 2.14 Å
for LMIO and LZIO, respectively).

The Ir-O nearest-neighbor distances are shorter in LMIO than LZIO, while the associ-
ated disorder, quantified by the mean square relative displacement (MSRD, σ2), is very sim-
ilar in both LMIO and LZIO samples. The relatively small MSRD values (σ2 ≃ 2 × 10−32)
indicate a well-defined and sharp Ir-O neighbor distribution in both of the cases. The
Ir–Mg/Zn distributions are also comparable between the two samples. However, more
pronounced differences emerge in the Ir–Mg/Zn next-nearest-neighbor region, where sig-
nificantly larger disorder is observed in LZIO compared to LMIO. This different disorder
may be related to the notably large MSRD of the Zn–O shell (σ2 ≃ 8 × 10−32), suggesting
a role of ZnO6 octahedra distortions. This trend is confirmed looking at the Zn-K edge
results. Unfortunately, Mg-K edge EXAFS data are unavailable in LMIO because of the low
Mg-K edge energy (EMg = 1303 eV) and the overlap with the La-MI edge (1362 eV).

From the perspective of the physical properties of these two DPs, our EXAFS data
refinements clearly unfold the resulting ground state magnetic responses to be the out-
come of predominant Ir-O-(Mg/Zn)-O-Ir next-nearest-neighbor conventional magnetic
superexchange interactions plus the antisite disorder-driven magnetic exchange interac-
tions through the Ir-O-Ir nearest-neighbor superexchange pathways [11–16,30–34].

2.3. Determination of Ir-Oxidation State from X-Ray Absorption near Edge Structure
(XANES) Spectroscopy

Iridium can adopt 4+, 5+, and 6+ valence states in the octahedral symmetry typical
of the perovskite and related compounds. Among them, Ir4+ and Ir6+ species are strongly
magnetic [1,14,35,36], while Ir5+ is ideally nonmagnetic (Jeff = 0) or weakly magnetic [37–39].
The mixed-valent Ir4+/Ir5+ iridates host a wide variety of novel electronic and magnetic
ground states [40–43]. Naturally the Ir-valence has a crucial role in determining the ground
state physical properties of these iridates. So, to confirm the oxidation state of Ir in the two
studied compounds, the Ir L3-edge XANES spectra were measured from the two samples,
and the normalized spectra are presented in Figure 4a. The main peak in the pre-edge
region, identified as a white-line features, correspond to an electric dipole-allowed 2p → 5d
transition of Ir. The weak shoulder in the low-energy side (dotted magenta arrows) of the
respective white lines are very similar for both the compounds, as is also evident looking at
the second derivative curves of the XANES spectra (Figure 4b).

There is no observable energy shift in the edge positions of these two compounds,
suggesting that both samples have the same Ir-valence state. The corresponding second-
derivative curves, as shown in Figure 4b, more precisely highlight the identical white-line
features. A prominent doublet feature is evident in the respective second-derivative curves,
and, importantly, the energy positions for both samples match exactly, as indicated by
the green dotted lines in Figure 4b. In Oh symmetry, the two components of the Ir L3-
edge white-line correspond to the 2p → t2g (low-energy feature) and 2p → eg (higher
energy peak) transitions [44,45]. The relative intensity and peak shape corresponding to
the 2p → t2g transition closely match the previous reports [44,45] and hence confirm the
expected 4+ oxidation state of Ir in both compounds. Notice that the shape and intensity
of the contribution corresponding to the 2p → eg transition are largely insensitive to the
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Ir-valence as, in low-spin configuration, the Ir-5d valence electrons preferentially occupy
the lower energy t2g orbitals before occupying the higher-energy eg states.

   

Figure 4. (a) Ir L3-XANES (X-ray absorption near edge structure) spectra for the two samples;
(b) second derivative curves of the respective normalized absorption spectra, indicating white-line
features more prominently. The green-dashed lines correspond to Ir 2p → t2g (lower-energy) and
Ir 2p → eg (higher energy) transitions; Temperature dependence of electrical resistivity for
(c) La2ZnIrO6 and (d) La2MgIrO6. Inset: corresponding Arrhenius fitting.

2.4. Electrical Resistivity

The temperature-dependent electrical resistivity (ρ vs. T) between 180 and 400 K has
been measured on both the samples and the results are shown in Figure 4c,d. Upon cooling,
the electrical resistivity, ρ, increases continuously for both the compounds in a similar
manner, indicating insulating behavior. Further, the collected ρ(T) curves were modeled
using Arrhenius activated behavior, ρ(T) ~ exp(∆/kBT) (∆ is the activation energy and kB

is the Boltzmann constant) [46], shown in the insets to Figure 4c,d. In both of the cases, the
Arrhenius fitting has been performed by considering two distinct regions, and the resulting
two separate values of ∆, indicated by ∆I and ∆II for the two regions, are shown in the
respective insets. Similarly to the many other iridates [1,38,47], the insulating character of
both these materials reveals the crucial role of SOC on the electronic ground states. Our
results are also in line with the previous literature reports [14,15].
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2.5. Temperature-Dependent DC Magnetic Susceptibility and Field-Dependent DC Magnetization

Next, the temperature dependence of dc magnetic susceptibility of La2MgIrO6 at
100 Oe applied magnetic field shows a weak transition at around 12.5 K (TN). Further, the
2 K M vs. H isotherm clearly demonstrates linear behavior (see inset to Figure 5a) without
any sign of hysteresis and coercive field, thus refuting ferromagnetic components vis-à-vis
spontaneous magnetization in this compound. Therefore, the 12.5 K transition in the χ-T
data of La2MgIrO6 (Figure 5a) can be assigned to the antiferromagnetic (AFM) in nature.
The transition temperature TN was further ensured from the minimum of the respective first
derivative curve (dM/dT vs. T) and, most importantly, the value of TN in our present study
exactly matches with the previous reports [14,19]. The Curie–Weiss fit (solid orange line in
Figure 5a) on the field-cooled susceptibility data in the 50–300 K temperature range reveals
an effective magnetic moment µeff ≈ 1.26 µB/Ir, which is much smaller than the theoretical
spin-only moment of 1.73 µB for a low-spin Ir4+ (d5) ion with S = 1

2 . The estimated negative
Weiss temperature (θCW = −5.9 K) reflects nearest-neighbor antiferromagnetic exchange
between the Ir local moments. On the other hand, the temperature-dependent DC magnetic
susceptibility of La2ZnIrO6 in 2 kOe applied magnetic field has been measured and the
result is depicted in Figure 5b. A susceptibility maximum appears near about 5.4 K in the
ZFC curve while an increase in field-cooled magnetization is evident below this temperature
with a tendency of near saturation upon further lowering the temperature. Our Curie–
Weiss fit [χ = χ0 + C/(T − θCW); with χ0, C, and θCW being the temperature-independent
paramagnetic susceptibility, Curie constant, and Weiss temperature, respectively, shown in
the top inset of Figure 5b by χ−1 vs. T plot] to the field-cooled χ (T) data in the T-range
of 50–300 K yields an effective moment, µeff = (8c)1/2 = 1.43 µB/Ir4+, and only a slightly
positive θCW (≈ 0.2 K).

At this point, it is noteworthy to mention that the AFM peak of ZFC magnetiza-
tion (TZFC) is gradually shifted to lower temperatures with an increasing field, and
also the negative θCW is systematically reduced (see Table 4), indicating competing
ferro/antiferromagnetic interactions. The difference between ZFC and FC magnetiza-
tion curves below TZFC, together with low-field (±6 kOe) hysteresis followed by linear
high-field (>6 kOe) magnetization increase in the M-H isotherms (see Figure 5c), further
suggests the presence of ferromagnetic components within an overall AFM background
in LZIO or, in other words, mixed ferro/antiferromagnetic interactions in the ground
state of LZIO. The transition temperature, TN, was determined from the minimum of the
temperature derivative of field-cooled susceptibility, dχFC/dT, curves at different applied
fields (see solid-colored lines in the bottom inset of Figure 5b). It is evident that TN is
shifted towards the higher temperatures with an increasing field.

As displayed in the inset to Figure 5c, below the transition temperature (TN), the
observed significant coercivity (HC ~ 3200 Oe and ~1300 Oe at 2 K and 5 K, respectively)
in low applied fields (<8000 Oe) followed by linear increase in magnetization at higher
fields (see Figure 5c) is typical of canted AFM spin arrangement [12] of LZIO, which is in
agreement with the previous works [14,15,48,49]. In addition, the small values of sponta-
neous magnetization, obtained from the linear extrapolation of the high-field M-H data to
zero field axis (see Table 4), the negative θCW at low applied fields (see Table 4), and finally,
the absence of saturation magnetization even at highest applied 7 Tesla magnetic field,
further support the noncollinear magnetism (NCM) [48] of LZIO comprising both FM and
AFM components of the ordered Ir4+ moments. The spin-canting and the development of
ferromagnetic interactions in LZIO possibly originate from the dominance of SOC-induced
antisymmetric Dzyaloshinskii–Moriya (DM) exchange interaction over the isotropic Heisen-
berg AFM coupling [15]. It is hypothesized that the tilting and rotational distortions of
the IrO6 octahedra (deviation of Ir-O-Zn and O-Ir-O bond angles from ideal 180◦ and



Condens. Matter 2025, 10, 53 10 of 17

90◦, respectively) break the spatial inversion symmetry among the Ir moments, causing
NCM by introducing DM interactions between the Ir4+ moments. However, spin-polarized
density functional theory (DFT) calculations predict A-type AFM ground state for both the
compounds [14], but unlike LZIO, absence of spontaneous magnetization in La2MgIrO6

could be attributed to the axis of the IrO6 octahedral rotations being orthogonal to the
stacking direction of the FM planes [50].

 

Figure 5. (a) Zero-field-cooled (open red circles) and field-cooled (shaded blue circles) dc magnetic
susceptibility vs. temperature, χ (T), variations under 100 Oe applied magnetic field for La2MgIrO6.
Inset: 2 K M vs. H isotherm. (b) Amount of 2 kOe zero-field-cooled (open circles) and field-cooled
(shaded circles) dc magnetic susceptibility data for La2ZnIrO6. Top inset: corresponding Curie–Weiss
fit showing inverse susceptibility (1/χ) vs. temperature plot in the 50–300 K temperature range.
Bottom inset: temperature dependence of dM/dT for three different applied fields, indicating the
transition temperature TN for each of the fields from the minimum of the respective curves. (c) M vs.
H isotherms for La2ZnIrO6 at three different temperatures. Inset: expanded views of the respective
M (H) curves to highlight the coercivity and remanence.

Table 4. Results obtained from the temperature-dependent DC magnetic susceptibility curves and M
vs. H isotherms for LZIO.

H (Oe) TZFC(K) TN(K) µeff(µB/Ir4+) ΘCW(K) T(K) MS (µB/f.u.)

100 8.5 7.9 1.63 −7.03 2 0.292
χ vs. T 500 6.15 8.1 1.47 −2.12 M vs. H 5 0.278

2000 5.3 8.45 1.43 0.2 8 0.209
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Conventional A-type antiferromagnetic order on the Ir-fcc lattice of both these com-
pounds can invoke solely from nearest-neighbor isotropic Heisenberg AFM exchange
interaction [19]. But, contrary to the spin-1/2 magnets with a large frustration parameter,
f (= |θCW|/TN) ≈ 9 [27,51], both LMIO and LZIO exhibit very small values of ‘f ’ (~0.5
and 0.02, respectively). It is noteworthy to state that the presence of sizeable ferromagnetic
second-neighbor interaction and SOC-driven significant uniaxial Ising anisotropy within
the framework of the conventional Heisenberg–Ising model (becoming symmetry allowed
only under weak monoclinic crystal distortion of the IrO6 octahedra, consistent with the
structural description) possibly plays crucial role to strongly reduce the frustration [52,53],
hence pushing these systems towards magnetic ordering. Our results clearly point towards
the importance of SOC in these two materials, and consequently, warrant us to further
explore the role of strong SOC-driven directional exchange interactions on the quantum
magnetism of heavy transition metal oxides.

The reduced values of the effective magnetic moment on the individual Ir4+ ion
of both the compounds (obtained from Curie–Weiss fit), compared to the theoretically
calculated spin-only moment of 1.73 µB for an S = 1/2 state of Ir4+, suggest a key role
of orbital contribution to the Ir magnetic moments in either of these compounds, which
is in agreement with the reported several 5d spin-1/2 systems [27,54,55]. Moreover, the
estimated effective moments per Ir4+ of both LMIO and LZIO (~1.26 and 1.4 µB, respectively)
are much smaller than that expected for a spin–orbit coupled Jeff = 1

2 pseudospin state of
Ir4+ 5d5 electron configuration, pointing towards the covalent character of the Ir magnetic
moments due to stronger hybridization of Ir 5d orbitals in both these DPs. Such a reduced
iridium effective moment further reinforces departure from the pure Jeff = 1

2 scenario in
both these systems.

2.6. Ir L3-Edge Resonant Inelastic X-Ray Scattering (RIXS)

Ir L3-edge RIXS is a powerful technique used to assess the validity of Jeff = 1
2 candidacy

in d5 iridates. In the ideal octahedral environment of an Ir4+ ion, the Jeff = 1
2 doublet ground

state is separated from the Jeff = 3
2 quartet excited state by 3

2 λ (λ being the SOC strength
on Ir). A non-cubic crystal field at the Ir4+ site further splits the quartet band into two
doublets causing mixing between Jeff = 1

2 and 3
2 states. RIXS, at this point, can be a suitable

tool to probe the crystal field excitations, and hence, a reasonable estimation of effective
SOC strength and the non-cubic crystal field at the Ir4+ site of any iridate material could be
possible. With this, RIXS measurements at the Ir L3-edge of both LMIO and LZIO samples
have been performed at T = 300 K and the collected spectra are displayed in Figure 6.
Incident photon energy was kept fixed at 11.216 keV during the experiment to enhance the
inelastic features of the J multiplet, i.e., intra-t2g transitions. Increased photon counts at the
particular energy losses of the measured RIXS spectrum (Figure 6a,b) refer to the specific
excitations from filled to vacant electronic states. The features at the highest energy losses
(h̄ω≈ 6 eV and 8.5 eV, shown by the green rectangles in Figure 6) are assigned to the charge
transfer excitations from the O 2p bands to unoccupied Ir t2g and eg bands, respectively [56],
for both the compounds. The relatively broad nature of the charge–transfer transitions (in
terms of peak shape) in La2ZnIrO6 compared to the La2MgIrO6 indicates larger electronic
bandwidth of Ir in LZIO. The features observed at ~3.4 eV and 3.02 eV for LMIO and
LZIO, respectively, suggest electron excitation from Ir-t2g to eg orbitals [56,57], revealing
the crystal field splitting energies of the respective samples. As evident in Figure 6a,b,
the higher energy of the interband t2g → eg excitation in LMIO relative to LZIO refers
to the greater Ir-O covalency in LMIO than LZIO, and thereby a stronger crystal field
effect due to smaller Ir-O distances in LMIO (in consistent with the EXAFS results; see
Table 3). The prevalence of stronger Ir-O covalency favors the itinerant character of the
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Ir electron magnetism in LMIO over LZIO, which likely agrees with the observed lower
effective Ir magnetic moments in LMIO with respect to the LZIO due to increasing Ir-O
covalent interaction.

Figure 6. Ir L3-edge RIXS spectrum of La2MgIrO6 (a) and La2ZnIrO6 (b) with the left side of each
spectrum showing high-resolution low-energy excitations within the SOC multiplets and the right
side representing the low-resolution high-energy features.

In addition, we also observed two sharp inelastic features in the high-resolution low-
energy RIXS spectra of both the compounds below 1 eV (Figure 6), which are completely
different from the peaks of pentavalent Ir-double perovskites [57]. The energies correspond-
ing to the two peaks (≈0.61 eV and ≈0.74 eV for LMIO, while ≈0.6 eV and ≈0.72 eV for
LZIO) match well with the expected intra-t2g transitions of d5 iridates [58]. The nature
of these two intra-t2g transitions is very similar (in terms of peak position, peak splitting,
and peak-width, shown in Figure 6a,b) in both the double perovskites, and these features
are also consistent with the existing literature reports [59]. In such a scenario, we may
therefore qualitatively infer the value of the effective spin–orbit coupling strength to be
about 0.45–0.46 eV and the noncubic crystal field energy to be ~0.12 eV for both the DP
iridates within the framework of single ion Hamiltonian assuming spin–orbit coupling and
non-cubic crystal field effects [60–62]. These findings point to the fact that the estimated
λ/∆nc (>3.5), being similar to the spin–orbit Mott insulator Sr2IrO4 (λ/∆nc > 2.8) [63] and
the Kitaev materials Na2IrO3 and α-Li2IrO3 (λ/∆ > 4.7) [64], places both the iridates close
to the Jeff = 1

2 limit.
The persistent deviation from the ideal Jeff = 1

2 state (in terms of developed smaller
effective magnetic moments per Ir4+ ion relative to that of a perfect Jeff = 1

2 pseudospin
state for Ir4+) could be attributed to the stronger Ir-O covalency, noncubic crystal distortion,
hybridization of Ir 5d orbitals, intersite Ir-Ir hopping, ligand-mediated superexchange
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interaction, and bandwidth effects [65,66], which all act against the atomic SOC effect. In
this context, it has been demonstrated by Nag et al. [67] and Bandyopadhyay et al. [37,47]
that both hopping, noncubic crystal field, and bandwidth effects strongly influence the
effective SOC strength of Ir in iridium-based oxides. As a consequence, precise estimation
of effective SOC strength on Ir within the atomic limit is not at all a reasonable approach
because the low-energy Ir L3-RIXS features would be the outcome of several pertinent
electronic and solid-state factors in a real solid [37,47,67,68]. Therefore, to quantify the
effective spin–orbit coupling strength of Ir and the resulting J-states in the two DP iridates
LMIO and LZIO, further full multiplet calculations (using exact diagonalization of the
effective full many-body Hamiltonian) are warranted which should include all possible
electronic and solid-state effects.

3. Conclusions
In summary, we have carried out comprehensive structural (both local and global),

electronic, and physical property characterizations of the two d5 Ir-double perovskites by
using standard X-ray diffraction, X-ray absorption fine structure spectroscopy, electrical
resistivity, and DC magnetization measurements; as well, the low-energy spin–orbit and
higher energy crystal field plus charge transfer excitations of the two iridates have been
probed via performing the Ir L3-edge resonant inelastic X-ray scattering experiment. Our
magnetic results of conventional magnetic long-range ordering with a small frustration
parameter in both the compounds clearly suggest the SOC-driven anisotropic AFM Kitaev
exchange interaction together with the isotropic Heisenberg exchange to be at the root of
observed magnetic behaviors. Subtle differences in the magnetic responses arise from the
difference in stacking directions of their FM planes relative to the IrO6 octahedral rotation
axes. Although the Ir-L3 edge RIXS spectra have been described within a single-ion descrip-
tion of an overall strong spin–orbit split Jeff = 1

2 pseudospin state, the noncubic crystal field
effect, together with the enhanced Ir-Ir superexchange due to Mg/Zn-Ir antisite disorder
and the reduced effective Ir4+ moments, would lead to the deviation from the atomic
spin–orbit coupling picture by renormalizing the effective SOC strength. This might cause
possible departure from the perfect Jeff = 1

2 scenario. In order to ensure the actual J state
description and to estimate the effective SOC strength plus noncubic crystal field energy
of these two iridate DPs, full multiplet calculations are highly warranted to implement by
considering two site models (neighboring two IrO6 octahedra and switching on all kinds
of interactions in between them) along with all possible electronic and solid-state effects.
Our work emphasizes the crucial roles of the choice of B-site cation, and consequently,
the structural distortions (in terms of tilting and rotations of the octahedra), site disorder,
etc., on the ground state magnetic responses of the double perovskite class of materi-
als. Furthermore, our comprehensive experimental study on two d5 iridate DP La2BIrO6

(B = Zn, Mg) systems evidently establish the strong impact of several pertinent solid-state
and electronic factors (e.g., non-cubic crystal field, hopping, hybridization, bandwidth,
etc.) against the atomic SOC effect, and hence, towards the deviation from an atomic-like
spin–orbit-coupled ideal Jeff picture in the higher-d transition metal-based oxides.

4. Materials and Methods
Polycrystalline La2MIrO6 (M = Mg, Zn) samples have been synthesized by conven-

tional solid state reaction route. Stoichiometric amount of high purity (>99.9%) starting
reference oxide La2O3, ZnO, MgO, and IrO2 powders were thoroughly mixed in an agate
mortar. The mixture was then calcined initially at 650◦ C for 12 h and finally sintered at
1000 ◦C for 48 h in air with few intermediate grindings. The phase purity of these samples
was checked by powder X-ray diffraction (XRD) and subsequent structural characterization
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was performed using a Bruker AXS: D8 Advance X-ray diffractometer equipped with a
Cu Kα monochromatic X-ray source. The obtained room temperature XRD data were
analyzed using the Rietveld technique and the refinements were performed by FULLPROF
program [69]. The Ir L3-edge X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) of both the samples have been measured at the
XAFS beamline of Elettra (Trieste, Italy) synchrotron radiation facility at room temperature
in standard transmission geometry. Data treatment and quantitative analysis of EXAFS
have been carried out using ARTEMIS program [70]. Temperature-dependent zero-field
electrical resistivity (ρ) measurements for the two samples were performed using the stan-
dard four-probe method within a temperature range of 200–400 K in a laboratory-based
liquid nitrogen (down to 80 K) resistivity set up, where the sample probe consists of a
sample holder being fixed at one end with a stainless-steel rod, while having a rubber cork
at the opposite end. This probe becomes well-fitted in a glass-made cryostat connected
with a rotary pump to evacuate the sample chamber before measurement in order to avoid
possible condensation of air moisture at low T. Further, a small amount of inert He gas is
inserted before the measurement to improve the thermal conductivity and temperature
stability of the samples. A Keithley 2400 constant current source and a Keithley 2182A nano
voltmeter were used to measure the thermal variation of ρ for these samples. Lakeshore
331 and 325 temperature controllers were also used for temperature-controlling purposes.
The four-probe method for the ρ-T measurements was employed to eliminate contributions
from the contact resistances of the electrodes which are in series with the sample resistance.
The contacts were made using externally insulated Cu wires and the electrodes were made
using conductive silver paste. Further, the temperature and magnetic field dependence
of dc magnetic susceptibility were measured in the temperature range of 2–300 K and in
magnetic fields up to ±50 kOe in a superconducting quantum interference device magne-
tometer (SQUID MPMS, Quantum Design). The resonant inelastic X-ray scattering (RIXS)
experiment at the Ir L3 edge was performed at the ID20 beamline of European Synchrotron
Radiation Facility (ESRF) for these two samples using π-polarized photons and a scattering
geometry with 2θ ≃ 90◦ to suppress elastic scattering.
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