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Influence of local structural distortion on the magnetism of Na2IrO3 compounds
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First-principles calculations are conducted to investigate the magnetic properties of the Na2IrO3 compounds.
We reveal that the Na2IrO3’s local structural distortions are essential for an accurate description of the magnetism
of such systems. They provide a feasible explanation for the experimentally observed antiferromagnetic zigzag
magnetic ground state. We demonstrate that the underlying competition between the spin-orbit coupling and the
crystal-field splitting rules the crystal structure and profoundly influences the strength of the magnetic exchange
interactions. We unambiguously identify that the D4h-type distortions, due to the Jahn-Teller effect, are disclosed
in an elongation along the IrO6 polyhedra’s apical axis in the ac plane. On the other hand, the Ir atoms off-
centering in the basal plane (perpendicular to the local D4h elongation axis) arises owing to an inhomogeneous
cationic charge distribution of Ir4+/Na+ in the transition-metal layer resulting in both effects being decisive in
controlling the magnetism of Na2IrO3 together with the spin-orbit interactions.

DOI: 10.1103/PhysRevB.105.094413

I. INTRODUCTION

The layered-honeycomb hexagonal lattices compounds
[Ax(TM)O3, A = alkali-metal] provide an exciting play-
ground for investigating complex magnetic arrangements
[1–19]. In particular, the Ir-based layered oxides (iridates)
are of great interest due to their large spin-orbit coupling
[13,20–29]. Hence, iridates may exhibit intricate magnetic
textures as several competing interactions can be identified:
geometrical frustrations due to the Ir honeycomb’s lat-
tice, electron-electron correlations, strong spin-orbit coupling
(SOC), and long-range van der Waals interactions yielding to
manifold unconventional magnetic phases, such as structural
phase transitions or spin-liquid states [7,11,30–32].

Moreover, in the A2IrO3 structure, the Ir4+(d5) ions have
a half-filled d shell, which remains degenerated upon consid-
ering the crystal-field splitting (CF) due to their octahedral
environment. As shown in Fig. 1, this remaining unphysi-
cal degeneracy can be further removed by either considering
the spin-orbit interactions or lowering the local structural
symmetry through Jahn-Teller (JT) distortions [33]. Indeed,
the JT effect results in a broken degeneracy of the t2g/eg

orbitals that follow a D4h-type distortion. Consequently, the
competition between the SOC interactions or JT-like distor-
tions determines the character and shape of the magnetization
density, which is expected to profoundly influence the spin-
exchange interactions and thus the magnetic ordering at low
temperatures [34]. It is commonly assumed that SO interac-
tion dominates over the CF splitting on the iridates [24,35,36].
Therefore, the local structural distortions are often neglected
from the magnetic behavior’s description due to their inherent
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complexity to be treated. Most of the models used to inves-
tigate the iridates’ magnetic behavior are formulated without
considering local distortions. In these models the t2g/eg or-
bitals are written in terms of the Jeff = 1/2, 3/2 and Jeff = 5/2
relativistic orbitals [37]. These descriptions are referred to as
pseudospin or effective spin (Jeff) models.

Among the iridates, Na2IrO3, a weak insulator having a
340 meV band gap [38] and strong spin-orbit coupling, is
an appealing example of a shared-edge octahedral system for
which all the interactions mentioned above come into play, as
they might have the same order of magnitude [39]. Na2IrO3

has a low temperature-ordered magnetic ground state, as
shown in combined studies with neutron and x-ray diffraction
on a single crystal [35,36,40]. Experimental measurements
estimate that the local magnetic moments on the Ir4+ ions
order below 12–18 K into zigzaglike magnetic chains along
the g ∼ a + c axis of the honeycomb structure displaying
a relatively small magnetic moment of 〈μ〉 = 0.22 μB/Ir
atom [35,36,39,40]. Different scenarios can be undertaken
regarding the dominant interactions for a comprehensive de-
scription of the magnetic properties of these compounds. If
the JT-induced distortions overcomes the SOC interactions,
one would then expect a quenching of the orbital moment
and a D4h splitting resulting in a J = S system, and the mag-
netization density would be oriented perpendicularly to the
D4h elongation axis. On the other hand, if the SOC is dom-
inant, then no local structural distortions would be expected,
and the magnetization density would follow pseudospinlike
models. Interestingly, if the JT-induced distortions and the
SOC splitting are on the same order of magnitude in en-
ergy, then we would deal with a pseudo-Jahn-Teller effect,
in which an orbital-lattice coupling modulates the shape of
the pseudospin wave function usually used to describe Jeff =
1/2 systems [11,41]. However, it has been suggested that in
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FIG. 1. Sketch of the dominant interactions and their effects (en-
ergy splitting) on the electronic structure of the Na2IrO3 compounds.
(a) Crystal-field splitting and crystal-field + Jahn-Teller distortions
on the electronic configuration of the Ir4+ ions together with the
electronic charge-density profile. (b) Energy-splitting contributions
for Jeff = 1/2 systems.

those models, the orbital nature of the bands near the Fermi
level deviates from the spin-orbit coupling-induced Jeff = 1/2
states due to the hopping interaction and the final state can
be better conceived as a mixture of the Jeff = 1/2 states and
Jeff = 3/2 valence states of the Ir atoms [42]. Therefore,
the JT-induced distortions and SOC competition has regained
substantial interest as recent studies have highlighted its com-
plexity, pinpointing the significance of the magnetoelastic
coupling even in the strong SOC regime [11,43]. Liu et al. [11]
argue that in the Jeff = 1/2 system for Sr2IrO4 these pseudo-
JT effect terms induce tetragonal-to-orthorhombic structural
transitions, which were crucial for understanding the observed
magnetic properties, despite the pseudospin-lattice weak cou-
pling terms. Moreover, Streltsov and Khomskii [43] reported
that for a d5 system, the SOC interactions might quench the JT
effects above some critical value λc of the SOC strength. Be-
low λc, the JT-induced structural distortions remain, bringing
an anisotropic character of the magnetic interactions depend-
ing on the bond’s directionality. Sometimes the interplay
which exists between the JT distortions and the SOC in the
magnetism for some honeycomb TM layered oxides is even
more subtle than the competition between both effects. No
general guideline can be drawn. In addition, some theoreti-
cal density functional theory-based studies have stressed the
importance of having an accurate crystal structure, which is
imperative as the spin-lattice coupling in highly frustrated
systems may lead to more profound effects as, for instance, the
spin orientation seems to be extremely sensitive to the crystal
structure [44,45].

At this point, one must be aware that predicting the mag-
netic properties of spin-orbital-lattice entangled compounds
is a rather complex task since one needs to deal with the spin
interactions, electronic correlations, and JT-induced instabil-
ities on the same footing. Attempting to provide convincing
explanations for experimental measurements, such as the
insulating band gap [46], magnetic ordering [40], and mag-
netic easy-axis orientation [47], numerous theoretical studies
have been performed at different levels of approximation.
Usually, complementary techniques are used, which are the
focus on the realization of models based on the construction

of parametrized effective Hamiltonians either from first-
principles [48] calculations or tight-binding models [34,49],
although some more sophisticated methods such as the two-
dimensional density matrix renormalization group and an
infinite-size tensor-network method have been employed [50].
In summary, to explain the experimental antiferromagnetic
zigzag magnetic configuration, the models can be grouped
into (a) Heisenberg-Kitaev (HK) models which only consider
first nearest-neighbor interactions (NN) [32,47], (b) HK mod-
els considering long-range interactions (usually second and
third NN-interactions) [24,35,39], (c) modified HK models
with only first NN interactions [51], and (d) quasimolecular
orbital models [20,52–54].

In particular, within the HK model, it has been reported that
the NN interaction, i.e., the Kitaev exchange, together with
off-diagonal terms (such as the Dzyaloshinskii-Moriya inter-
action) and interactions beyond the NN range are all required
for the low-temperature zigzag magnetic-state stabilization of
Na2IrO3. Hou et al. [24] proposed a minimal J1-K1-�1-J3

model for Na2IrO3, in which surprisingly a competition
was found between non-neglectable third NN interactions
(J1/J3 ≈ 2) and the off-diagonal NN exchange terms. Also,
Winter et al. [54], using nonperturbative exact diagonalization
methods, identify significant long-range couplings (in partic-
ular, meaningful J3’s) for Na2IrO3, α-RuCl3, and α-Li2IrO3,
which are essential to explain in a natural way the observed
zigzag ordered phases of these compounds. Generally, in the
Jeff models, structural distortions are not considered due to
the involved complexity. The experimentally measured crystal
structural distortions and quenched magnetic moment suggest
that the competition between the Jeff and the quasimolecular
nature of the p and d orbitals in Na2IrO3 should not be
ignored, resulting in an orbital selectivity that could have a
non-negligible impact to the magnetism on iridates even in
the strong SOC regime. Besides, without considering local
structural distortions and owing to the quasi-isotropic charac-
ter of the magnetization density in the Jeff = 1/2 system, the
occurrence of the canted zigzag magnetic order is surprising.
The present work’s aim is to investigate the impact of the
local structural distortions on the magnetism of Na2IrO3. We
identify and quantify the local structural distortions which
strongly influence the magnetic interactions and rule the mag-
netic ordering. Remarkably, we show that SOC does not fully
overcome JT distortion in these compounds so that the ef-
fect of the structural distortions remains essential even at the
strong SOC regime to determine the magnetic interactions
and, therefore, the magnetic order.

II. METHODOLOGY

First-principles calculations have been performed within
the framework of the density functional theory (DFT) us-
ing a supercell approach as implemented in the Vienna ab
initio simulation package (VASP) [55–58]. For the exchange-
correlation energy functional, the Perdew-Burke-Ernzerhorf
(PBE) generalized gradient approximation (GGA) [59,60] is
employed. We used the projector augmented wave (PAW)
method [61,62] together with an energy cutoff of E = 800 eV
and k-mesh density of 0.21 K points/atom for sampling
the Brillouin zone. For the nonrelativistic calculations, the
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convergence energy criterion was set to 10−5 eV. Structural
optimizations were performed by applying the conjugate gra-
dient method until the forces in all atoms were less than 10−2

eV/Å. To compensate for the known overdelocalization of
the electrons in DFT, we utilized the rotationally invariant
approach to the DFT+U method described by Dudarev [63].
A meticulous analysis regarding the influence of the effective
on-site Coulomb repulsion term Ueff has been performed, see
Table S1 and Fig. S1 of the Supplemental Material [64].
Here, unless specified, we employ Ueff = 2 eV which seems
to be a suitable value to reproduce the magnetic properties
of Na2IrO3 reported in the literature [44]. To take into ac-
count the long-range interactions, we included van der Waals
corrections using the DFT-D3 method with Becke-Jonson
damping [65,66]. To calculate the crystal orbital overlap pop-
ulation (COOP), we used the Lobster code implemented by
the Dronskowski group [67–71]. When taking into account
the SOC interactions, noncollinear self-consistent and non-
self-consistent fixed-structure relativistic calculations were
performed having a convergence energy criterion of 10−7 eV.
Such energy criterion assures us to obtain well-converged
reliable results.

A. Crystal structure and structural-distortion model

As shown in Figs. 2(a) and 2(b), Na2IrO3’s crystal structure
is experimentally found in the C2/m space group, and it is
organized as a stacking of a pure Na layer and a NaIrO layer
hereafter called transition metal (TMO) layer. The TMO layer
displays a honeycomb arrangement of distorted edge-sharing
IrO6 octahedra. The structure possesses both orthorhombic
and trigonal distortions, introducing a disproportion among
the NN Ir-Ir and Ir-O distances and a 90◦ offset in the Ir-
O-Ir angles. Thus, Na2IrO3 turns out to be an archetype of
a system in which slight variations on its crystal structure can
dramatically affect its local electronic structure [20], making
it crucial to understand the structural-distortions effects on the
underlying magnetism of these compounds at a fundamental
level. From the experimental crystal structure [26,35,36], it
is possible to identify two structural local distortions which
have different origins and might have a strong influence on the
magnetic interactions and, thereby, on the magnetic ordering.
On the one hand, the D4h-distortion type due to the JT effect
is reflected in an elongation along the IrO6 polyhedra’s apical
axis in the ac plane, as shown in Fig. 2(c). Interestingly, as
a result of the anisotropic electrostatic potential arising from
the compound’s 2D-layered nature [see Fig. 2(c)], all local
D4h elongation axes are aligned, this axis is denoted later as
the D4h elongation axis. This alignment was experimentally
observed [26,35,36] and also reproduced in our calculations
as will be shown later on. On the other hand, we have the
Ir atoms off-centering in the basal plane (perpendicular to
the local D4h elongation axis) observed as well in the experi-
mental structure, owing to the inhomogeneous cationic charge
distribution of Ir4+/Na+ in the TMO layer (see Fig. S2 in
the Supplemental Material [64]). Indeed, using a point-charge
model, the electrostatic energy decreases as a function of the
Ir atoms off-centering. This inhomogeneous cationic charge
distribution results in two different Ir-O bond distances on
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armchair             zigzag-3                stripy-3
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FIG. 2. (a) and (b) Crystal structure of C2/m Na2IrO3 honey-
comb structure of the edge-sharing IrO6 octahedra and its layered
structure. Na atoms are shown in orange, O atoms in red, and Ir
atoms in yellow, respectively. The IrO6 octahedra is shaded in blue.
The considered unit cell is represented by the solid black line in both
panels. (c) Illustration of the D4h distortion type resulting in a longer
O-O apical bond (black) and shorter O-O bonds in the basal plane
(gray) (d) Sketch of the Ir atom off-centering resulting in a short Ir-O
bond (dark blue) and long Ir-O bonds (light blue) (e) Considered
antiferromagnetic spin arrangements for (2a,2b,c) supercells. Yellow
(blue) circles stand for the spin-up (spin-down) magnetic moments,
respectively.

each IrO6 polyhedra’s basal plane; one in which the Ir4+ ions
are “pulled” closer to the Na+ ions and another in which the
Ir4+ ions are “pushed” away from the neighboring Ir4+ ions in
order to reduce the Ir4+/Ir4+ electrostatic repulsion as shown
in Fig. 2(d) with black arrows. Increasing the Ir off-centering
increases the Ir-Ir distance along the b axis and reduces the
Ir-Ir distances in the a axis direction [see Fig. 2(d)].

To quantify the role of each type of distortion on the mag-
netism of the Na2IrO3 compounds, it is useful to define the
D4h distortion and the Ir atom off-centering indices as the ratio
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between atomic distances as follows:

δD4h =
(

dapical
O-O

dbasal
O-O

− 1

)
· 100, (1)

δoff =
(

d long
Ir-O

d short
Ir-O

− 1

)
· 100, (2)

where dapical(basal)
O-O stands for the distance between the O atoms

corresponding to the apical(basal) vertices in IrO6 polyhedra
and d long(short)

Ir-O refer to the length of Ir-O bonds within the
basal plane, the long bonds are oriented towards the shared
edge between polyhedra and short bonds towards the neigh-
boring Na atom. Both ratios are reported in a percentage
ranging from 0%–4%. For the sake of comparison, the re-
ported recent experimental values obtained through x-ray and
neutron powder diffraction measurements are δD4h = 1.55%
(δoff = 0.67%) [26]. Then, to assess the impact of these two
types of structural distortions on the magnetic properties of
Na2IrO3 and quantify it, we construct a model which allow
us to increase/reduce the δD4h ratio while keeping the average
Ir-O bond distance constant; e.g., increasing the length of
Ir-O bonds along the D4h distortion’s axis in a controlled
manner [see arrows in Fig. 2(c)] while reducing the Ir-O bond
length in the basal plane in such a way that the average bond
length remains constant. Regarding the Ir-atom positions in
the IrO6’s basal plane, an off-centering is present already in
the experimental structure. To increase/reduce δoff ratio, the
Ir-O bonds corresponding to the edge shared with a NaO6

polyhedra are reduced/increased [along with the black arrows
in Fig. 2(d)]. Nevertheless, at this point we must emphasize
that the intent of our model construction is not to reproduce or
replicate any experimental results, but simply quantifying the
impact of the structural distortions on the magnetic properties
of Na2OIr3 by tracking the changes on the magnetic ordering
and magnetic interactions as a function of these two structural
distortion indexes.

B. Magnetic spin structure and exchange interactions

To take into account several magnetic orders beyond fer-
romagnetism, different supercell sizes are required. As a first
step, we dismiss the effects of inter-TMO-layer magnetic in-
teractions as our calculations show they are weak enough to be
neglected. Indeed, we built (a,b,2c) supercells and calculated
the energy having both ferromagnetic and antiferromagnetic
couplings between two neighboring TMO layers, estimat-
ing the order of magnitude of the interlayer coupling by
their energy difference. These calculations were accomplished
based on the experimental structure parameters and within
our structural distortion model considering the highest dis-
tortion indices (δD4h = 3.98%, δoff = 3.92%) taking different
spin arrangements. We obtain that the interlayer interactions
yield an energy difference of less than 1 meV per formula
unit, which can be fairly disregarded. The local magnetic
interactions are thus analyzed by inspecting the relative sta-
bility of different 2D intra-TMO-layers collinear magnetic
spin arrangements considered in the (2a,2b,c) supercell [see
Fig. 2(e)] as a function of the structural distortions. Upon
analyzing the symmetry of the considered structures with

respect to the D4h-elongation axis, we ended up with seven
nonequivalent intra-TMO-layers spin orderings. We found
that the zigzag-2 and zigzag-3 magnetic solutions on the one
hand, and the stripy-2 and stripy-3 on the other have the
same energy. Similarly, for the case of the armchair-like
structures, i.e., armchair-2 and armchair-3 which correspond
to a 60◦ and 120◦ rotation of the armchair configuration,
respectively, yielding to similar energy as it is the case for
zigzag-2/zigzag-3 and stripy-2/stripy-3. Thus, the zigzag-3,
stripy-3, armchair-2, and armchair-3 configurations are dis-
regarded in the following. (Further information can be seen in
Fig. S3 of the Supplemental Material [64].)

III. RESULTS

A. Crystal field versus spin-orbit splitting competition

We first aim to investigate the interplay between the SOC
and the CF splitting both existing in Na2IrO3. The CF split-
ting appears as a consequence of both Jahn-Teller distortions
and the TM atoms off-centering due to the presence of Ir4+

having a d5 configuration. At the strong crystal-field regime
(i.e., negligible SOC), one can glimpse that the t2g degener-
acy is removed through the JT effect, which induces local
trigonal distortions in the IrO6 octahedra. While at a strong
SOC regime, the degeneracy is lifted by splitting the J = 1/2
from the J = 3/2 states. In the latter regime, since the J =
3/2 states are filled, the J = 1/2 states consist of a linear
combination of the t2g states, and no structural distortion is
then expected in that case. Therefore, the structural distortion
strength emerges as a satisfying gauge to assess whether the
material belongs to the strong SOC, crystal-field dominant,
or intermediate regime. To investigate the CF-to-SOC regime
crossover, we gradually switch on the energy contribution
of the SOC interaction using a scalar weight 0 � αSOC � 1
to ponderate it. In this sense, αSOC = 0 would correspond
to the nonrelativistic situation where no SOC contribution
balances the CF splitting, while for αSOC = 1 the full SOC
energy is accounted for. Notice that the variation of the spin
and orbital moments as well as the degree of the structural
distortions through the δoff and δD4h indexes, respectively, are
calculated on the relaxed structures. Results are shown in
Fig. 3. Starting in the CF-dominant regime with a highly
distorted structure for αsoc = 0 (δD4h = 2.6%, δoff = 3.8%), as
the strength of the SOC contribution increases, the structural
distortion indexes decrease, as predicted from recent theo-
retical models [43]. Our results indicate that in the absence
of SOC interactions, the JT-induced distortions are needed
to abolish the t2g degeneracy. At the opposite limit, when
the full SOC contribution is taken into account, both dis-
tortions indexes are close to zero (δD4h = 0%, δoff = 0.7%),
implying that the SOC interaction overcomes the JT effect.
On the other hand, the TM off-centering distortions, which
have an electrostatic origin and thus have less impact on the
orbital mixing, are less affected by the SOC interaction, and
δoff remains finite even in the strong SOC regime. In fact,
recent experimental measurements on resolving the crystal
structure for this compound yield to a value for δD4h = 1.6%,
δoff = 0.7%, respectively [26]. Na2IrO3 is predicted to be in
an intermediate regime when the SOC interaction dominates
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FIG. 3. (a) Jahn-Teller-induced D4h-type structural distortion in-
dex (δD4h ), (b) Ir-atom off-centering distortion index (δoff ). Dashed
lines in (a) and (b) are referred to the experimental values of δD4h

and δoff for Na2IrO3, respectively. The corresponding direction and
magnitude of the spin(orbital) magnetic moments along the ac plane
are shown in the insets (c) and (d). The colors of the arrows stand
for the SOC strength in agreement with the color code used in
the insets (a) and (b). For a sake of comparison, the experimental
direction of magnetization �g, reported in Ref. [40], is also shown.
(e) | �m(r)|2 isosurface plots as a function of the ponderation weight
αSOC of the spin-orbit interaction contribution to the energy. Rel-
ativistic self-consistent calculations have been performed allowing
both the crystal structure and the direction of magnetization to be
optimized at the same time for the zigzag antiferromagnetic magnetic
arrangements.

over the CF splitting without nullifying the latter. Hence,
both the JT-induced distortions and the Ir off-centering are
foreseen to strongly influence the magnetic interactions and
the magnetic order even if the SOC remains the dominant
interaction. Note that the structure proposed in Ref. [26]
has been obtained using both neutron and synchrotron x-ray
diffraction patterns and is thus taken as a reference in the
present study. The x-ray diffraction pattern, dominated by
the Ir-atoms contribution because of its high electron density,
complements the neutron powder diffraction measurements
used to obtain accurate O and Na atomic positions where the Ir
contribution to the diffraction pattern is not ideal as Ir is very
absorbent to neutrons. The deviation to the situation where
L = 0 is quenched and J = S, at the CF limit (αSOC = 0),
is shown in Figs. 3(c) and 3(d) where the S (L) magnitude
decreases (increases), respectively. Moreover, experimental
evidence together with theoretical predictions [40,47] show
that Na2IrO3 exhibits a canted AF magnetization axis along
the g ≈ a + c direction which corresponds to an angle of
θ ∼ 55◦ with respect to the a axis in the ac plane. Indeed,

our self-consistent relativistic calculations reproduce this re-
sult in full agreement. Meaningful orbital contributions to the
total magnetic moment were resolved, 〈μL〉 ∼ 0.4 μB while
the total magnetic moment was estimated to be 〈μ〉 = 0.74
Ir/atom, which is inline with the reported by Hou et at. [24],
who predicted a dominant contribution of the orbital part to
the total magnetic moment. Notice that when trying to deter-
mine the self-consistent DFT energies for other noncollinear
magnetic configurations, we end up with the ground-state
magnetic solution. This result can be attributed to the fact
that S and L were nonaligned parallel to each other for other
quantization axes. The interplay between the JT distortions
and the SOC interactions can satisfyingly explain the canted
AF ordering stabilization. A similar effect was also predicted
for Sr2IrO4 [45]. The electronic structure is also expected to
be strongly modified along with the CF-to-SOC transition. For
αSOC = 0, the orbital carrying the magnetic moment (i.e., the
minority spin LUMO) corresponds to pure dxy orbitals when
considering a JT elongation axis along the z direction. As
shown in Fig. 3(e), by increasing the αSOC strength, the weight
of the dxy orbitals in the minority spin LUMO decreases to
ultimately achieve a similar weight as the dxz and dyz orbitals,
reaching an almost isotropic magnetization density profile
which is consistent with the onset of the Jeff = 1/2 state in
the Ir4+ atoms. The change of the shape of the magnetiza-
tion density from a highly anisotropic in the CF regime to a
quasi-isotropic is expected to affect the magnetic interactions
strongly. Notably, the anisotropic character of the magnetic
density induces directional and bond-dependency anisotropy
in the magnetic interactions together with variations in their
magnitude, as it will be shown in the next section.

B. Influence of the structural distortions
on the magnetic interactions

To further investigate the effects of structural distortions
on the magnetic interactions and magnetic order, we delib-
erately turn off the SOC interactions from our calculations.
Thus, nonrelativistic collinear calculations were done to deter-
mine the ground-state structure and the lowest-lying magnetic
textures by optimizing the Na2IrO3 crystal structure tak-
ing simultaneously different Ueff values and ferromagnetic
(FM) and antiferromagnetic (AF) spin arrangements [see
Fig. 2(e)]. In Table I we present the considered magnetic
structures as a function of the two different local distor-
tions δD4h and δoff, for different Ueff values. We disclose a
steady δD4h index ∼2%–3% for all structures in the insulating
regime, which is larger than the index of the experimental
structure (δD4h = 1.55%). Furthermore, we find that when
Ueff is weak, the variations of δD4h are modest (between
0% and 2%) depending the considered magnetic order. Be-
sides, we observe that the experimental D4h distortion axis
holds for most cases (the polyhedra’s D4h elongation axis
aligning parallel in the supercell along the local z axis).
Exceptions were found for the ferromagnetic configuration
(Ueff = 1 eV) where δD4h = 0.09%, in the zigzag-2 anti-
ferromagnetic spin arrangement where the polyhedra were
weakly distorted, and the armchair antiferromagnetic for
which the polyhedra have their local elongations along the
x, y axes. Concerning the Ir-atom off-centering δoff, we found
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TABLE I. Magnetic collinear-structures distortion indices ob-
tained upon optimization of the Na2IrO3 supercells for Ueff = 1, 2, 3,
and 4 eV. All index values are given in percentage. Structures marked
with * were found in the metallic regime. For sake of comparison, the
experimental structure has δD4h = 1.55% and δoff = 0.67%.

Ueff = 1 eV Ueff = 2 eV Ueff = 3 eV Ueff = 4 eV

δD4h (%)
fm 0.09∗ 2.09 2.69 2.89
zigzag 1.36∗ 2.46 2.72 2.92
zigzag-2 0.25∗ 2.30 2.74 2.93
armchair 0.77 2.28 2.75 2.93
stripy 0.72∗ 2.24 2.81 2.97
stripy-2 1.05∗ 2.36 2.78 2.96
Néel 1.43∗ 2.48 2.83 2.99

δoff (%)
fm 0.54∗ 3.34 3.78 3.73
zigzag 2.85∗ 3.76 3.85 3.80
zigzag-2 0.70∗ 3.77 3.80 3.74
armchair 0.35 3.73 3.82 3.75
stripy 1.91∗ 3.75 3.80 3.74
stripy-2 2.41∗ 3.83 3.89 3.83
Néel 2.87∗ 3.81 3.85 3.80

values between ∼3.3%–3.8% in the insulating regime that are
much larger than those of the experimental structure (δoff ∼
0.67%). All together, it shows that the structural distortion
strength, electronic regime (metallic or insulating), and the
magnetic order is intimately related through microscopical
mechanisms, which deserve to be further investigated. The
overestimation of the structural distortion indexes compared
to the available experimental data is entirely inline with the
results presented above concerning the interplay between
the CF splitting and the SOC interactions. In the following
we quantify the influence of the structural distortions on the
magnetic interactions and the ground state’s magnetic order
through the structural-distortion-dependent model. We calcu-
lated the energy of the nonrelaxed structures having different
δD4h and δoff indexes and several magnetic orderings as shown
in Fig. 2(e) (fixed-structure self-consistent calculations) to
identify the low-lying magnetic spin arrangements close to
the ground state (GS) resulting in a sort of magnetic phase
diagrams in the δD4h − δoff space. The magnetic phase dia-
grams as a function of the δD4h , δoff indexes are presented in
Fig. 4. Dimerization of Na2IrO3 due to long-range interac-
tions as predicted by some quantum J1-J2-J3 models [72] is
unlikely and should be discarded for any degree of distortion.
The presence of nonisotropic interactions in Na2IrO3 does
not seem to promote the occurrence of dimers. Besides, to
our knowledge, there is no experimental evidence to support
dimerization for this compound. We found that the competi-
tion between the ferromagnetic and zigzag antiferromagnetic
configurations emerges depending on the local polyhedra’s
distortion, other magnetic solutions are significantly higher in
energy (see Fig. S4 of the Supplemental Material [64]). Our
results demonstrate that the magnetic ordering of the ground-
state structure is extremely sensitive to the local-distortion
indices. Notice that the obtained phase diagrams are nontrivial
and provide a clear evidence that the local distortions drive

0 1 2 3 4
δD4h

(%)
0

1

2

3

4

δ of
f(%

)

ZZ

FM ZZ-2

FIG. 4. Magnetic-phase δD4h -δoff diagram where the relative
magnetic ground state (GS) is shown depending on the the δD4h and
δoff values at Ueff = 2 eV. As a reference, the experimental structure’s
distortion indices are marked by a square. Optimized structure’s
distortion values for the zigzag (ZZ) magnetic ground state is marked
by a triangle.

the magnetism of Na2IrO3. Furthermore, the magnitude and
variations of the magnetic energy due to the exchange cou-
plings are calculated. For the considered seven nonequivalent
magnetic solutions, one can split the different contributions
in bond-dependent magnetic interaction energies (MIE) up
to the third NNs. As the JT-elongation axis aligns in the
ac plane, the MIE along the b axis and along the ab plane
is found to be different for the NN. To corroborate this
statement, we show in Fig. 5(a) the highly anisotropic mag-
netization density for the relaxed zigzag magnetic solution.
The bond-directional NN magnetic interaction energy �Eb

1
(�Eab

1 ) along the b direction (ab plane) can be assessed using
the following relation: �Eb

1 = (Efm − Ezz + 2Ezz-2 − ENéel +
Estr − 2Estr-2)/4 (�Eab

1 = (Efm + Ezz − ENéel − Estr )/4), re-
spectively, where EX corresponds to the calculated energy of
Na2IrO3 at fixed structure and having a given magnetic con-
figuration (X = fm, zz, zz-2, Néel, str, str-2, and arm). We
present in Fig. 5 both NN bond-directional MIE together
with the integrated projected COOP (IpCOOP) along perti-
nent Ir-O bonds [highlighted in Fig. 5(a)] as a function of
the distortion parameters. At the weakly distorted limit, �Eb

1
and �Eab

1 should have an equivalent magnitude for symme-
try reasons that would also be the case in the strong SOC
regime where structural distortions are suppressed. When in-
creasing the Ir-atom off-centering distortion, �Eab

1 remains
quasiconstant while �Eb

1 decreases significantly. As a func-
tion of the D4h distortion, both �Eb

1 slightly decrease while
�Eab

1 decrease significantly. To unveil a microscopic origin
to the observed behavior, we calculated the COOP (IpCOOP)
over the first unoccupied band. Thus, we measure the over-
lap between the orbitals which carry the magnetic moment
and obtain information regarding the strength and behavior
of direct or indirect exchange mechanisms with respect to
the distortion indexes. The Ir-O IpCOOP between iridium
and oxygen along the b direction remains constant when
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FIG. 5. (a) Magnetization density for the relaxed zigzag mag-
netic ground-state arrangement of Na2IrO3. (b) and (c) and (f) and (g)
Integrated projected crystal orbital overlap population (IpCOOP) for
the ferromagnetic and zigzag spin configurations having some repre-
sentative structure’s distortion indices. (d) and (e) Bond-directional
NN magnetic interaction energy �Eb

1 along the b direction. (h) and
(i) Bond-directional NN magnetic interaction energy �Eab

1 along
the ab plane at δoff = 0.03% (2.47%) and δD4h = 0.36% (2.96%),
respectively.

increasing the D4h distortion index but significantly decreases
when the off-centering index increases. The decrease of �Eb

1
when increasing the Ir-atom off-centering index is then mainly
due to a lower contribution of the Hund coupling. Indeed,
the Ir-atom off-centering increases the Ir-Ir distances along
the b axis. On the contrary, the oxygen-mediated superex-

-6
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ΔE
3b  (

m
eV

)

0 1 2 3 4
δD4h

 (%)

-7

-6

-5

-4

0 1 2 3 4
δoff (%)

δoff = 0.03% δD4h
 = 0.36%

δD4h
 = 2.96%δoff = 2.47% Li

Na

FIG. 6. Bond-directional third-NN magnetic interaction energies
�Eb

3 along the b direction at δoff = 0.03% (2.47%) and δD4h =
0.36% (2.96%), respectively, having Li and Na atoms as alkali el-
ements in the Ir-layered-honeycomb hexagonal lattice.

change mechanism appears to be far weaker than the Hund
coupling since the decrease of the Ir-O overlap would decrease
an AF-like contribution and thus increase �Eb

1 . Concern-
ing �Eab

1 , it shows that there is also no oxygen-mediated
superexchange along the Ir-Ir path so that �Eab

1 only arise
from the Hund ferromagnetic coupling but is weakly affected
by the off-centering distortion. Besides, the cancellation of
the oxygen-mediated superexchange along the Ir-Ir path dis-
cards the occurrence of sizable second NN interactions as
seen in Fig. 5 and Fig. S6 of the Supplemental Material
[64], respectively. The direct Ir-Ir AF-like exchange mecha-
nism is also discarded since the obtained lpCOOPs between
neighboring Ir atoms are even weaker than the lpCOOPs be-
tween Ir-O (see Figs. S7 and S8 of the Supplemental Material
[64]). The third NN (3NN) MIE are also bond and direc-
tional dependent, yet due to the JT-induced polarization of
the magnetic density. We define the 3NN magnetic interaction
energy along the b axis as �Eb

3 = (Earm − Ezz-2) and along
the ab plane as �Eab

3 = (Efm − Ezz + 2Ezz-2 − ENéel + Estr +
2Estr-2 − 4Earm )/8. Remarkably, we find that the b-bond di-
rectional 3NN MIE (�Eb

3 ) are of the same order of magnitude
as the first NN magnetic interaction energy (�Eb

1 ), favoring
the antiferromagnetism. We disclose its microscopic nature by
substituting the Na atoms in the compound for another light
alkali metal (Li). Li atoms are smaller and more electronega-
tive. The Na-to-Li substitution drastically decreases the value
of �Eb

3 indicating that the alkali metal mediates the �Eb
3

magnetic interaction energy through a superexchange mecha-
nism as shown in Fig. 6. The value of �Eb

3 slightly decreases
when δD4h increases, probably due to the electron localization
induced by an enhanced JT effect. On the contrary, �Eb

3 in-
creases when δoff increases since the Ir-Na distance decreases
along the b direction. Importantly, �Eab

3 is far weaker than
�Eb

3 due to the orbital polarization induced by the JT effect.
The difference between �Eab

3 and �Eb
3 should be reduced

when the SOC strength increases as the magnetization density
becomes more isotropic as can be seen in Fig. 3. Summa-
rizing, the magnetic ordering can be understood through the
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magnetic interaction energies �Eb
1 , �Eab

1 , and �Eb
3 . Only

the competition between FM, ZZ, and ZZ-2 magnetic orders
is relevant, considering FM NN, and AF 3NN interactions
(see Fig. S5 of the Supplemental Material [64]).

IV. DISCUSSION AND CONCLUSIONS

We have carried out a thorough investigation regarding
the magnetism of Na2IrO3. We analyze in particular the un-
derlying interplay between the SOC and the CF splitting.
Our calculations, together with experimental measurements,
suggest that the spin-orbit interactions do not fully overcome
the CF splitting in these compounds. We have conducted in
Sec. III B noncollinear calculations to reckon the effects of
the CF-induced structural distortions on the local magnetic
interactions. In light of these findings, we conclude that:
(i) the structural distortions induce highly anisotropic bond
and directional-dependent magnetic interactions, (ii) NN FM
interactions are dominated by the Hund coupling and are in-
fluenced by the structural distortions as they have a substantial
impact on the Ir-Ir bonding distances, and (iii) 3NN AF-like
interactions are mediated by the alkali atoms being affected
to a lesser extend by structural distortions. Altogether we
disclose that the zigzag magnetic order can be stabilized due
to the structural distortion-induced bond dependency of the
magnetic interactions. To provide a global portrait concerning
the magnetism of Na2IrO3, we start from the most simple
picture, i.e., without considering any structural distortions
(perfect local IrO6-octahedra) and no SOC. Following the
Goodenough-Kanamori rules, Na2IrO3 is expected to be a
ferromagnetic compound as the 90◦ Ir-O-Ir angle preclude
efficient first NN antiferromagnetic superexchange interac-
tions. Indeed, our noncollinear calculations demonstrate that
at low-structural distortion level, the three t2g orbitals are
degenerate (metallic regime) so that the magnetic moment is
carried by a quasi-isotropic linear combination of the three
t2g orbitals, as shown in Fig. 7. As the D4h distortion be-
comes substantial, the magnetic moment is carried by the
anisotropic t2g orbitals perpendicular to the JT axis, see Fig. 7.
We have revealed that this distortion first discriminates the
bond/direction-dependent magnetic interactions but also en-
deavors the first NN and the 3NN magnetic interactions.
From an orbital point of view, the Ir off-centering is fore-
seen to have a weak effect over the t2g-orbitals splitting, but
it has been established to balance the strength between the
first NN Hund ferromagnetic exchange interaction and 3NN
alkali-mediated AF interaction. Despite triggering the SOC
interaction and even at the strong SOC regime (αSOC = 1), the
above analysis still remains. Indeed, as presented in Fig. 7,
the magnetization density profile is affected by the local
structural distortions. At low-distortion indices, we observe
that the magnetization is carried by a linear combination of
the three t2g orbitals, following a similar behavior as it is
expected for a pure Jeff = 1/2 system. At this limit, owing
to the isotropic character of the magnetization density, only
a weak bond/directional dependency on the magnetic inter-
actions is anticipated. Consequently, the energy difference
between the zigzag and zigzag-2 magnetic solutions is ex-
pected to be barely perceptible, yielding to paramagnetism
at very low temperatures. Indeed, in that case, our calcula-

a

b

c

0
FIG. 7. Orbital-selectivity magnetization density diagram as a

function of the local distortions δD4h and δoff strength, for the non-
relativistic (upper panel) and relativistic (under panel) regimes.

tions show that the energy difference between the zigzag and
zigzag-2 magnetic spin configurations is less than 1 meV.
When the distortion indices increase the weight of the dxy

orbitals increases, thus deviating from the perfect Jeff = 1/2
state and the bond/direction dependency of magnetic interac-
tions should increase. The previous scenario, having dominant
SOC interactions but reminiscent structural distortions, is
supported by recent experimental structural characterizations
[26], particularly by the work of Chun and co-workers who
state that the critical temperature in Na2IrO3 is limited by the
anisotropic interactions rather than the interlayer coupling and
the zigzag correlations survive on a length scale of several
nanometers (approximately three unit cells wide) above the
Néel temperature [40]. In summary, based on our calculations,
the formation of the zigzag phase can solely be attributed to
the inherent structural distortions. Moreover, it also suggests
that in the quest for quantum spin-liquid phases, the materials
which exhibit a bias to display JT-type distortions should be
discarded from the potential candidates unless the SOC inter-
actions fully overcome the resulting structural distortions.

Herein, we have used the flexibility provided by the
DFT addressing the structural relaxations and investigated
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the inherent structural-dependent phenomena regarding the
magnetic properties of Na2IrO3. The Heisenberg-Kitaev
Hamiltonian seems to be suitable for scrutinizing both ther-
modynamic and response functions such as the Weiss constant
and or the magnetic susceptibility compared with experimen-
tal measurements [54]. Nevertheless, such Hamiltonian (and
other more sophisticated models) is typically parametrized
with a particular fixed crystal structure. Our results sug-
gest that the exchange interactions are susceptible to the
local structural distortions independently of the SOC inter-
action strength, particularly the NN Hund coupling and the
3NN AF-exchange interactions. Indeed, such changes in the
magnetic interactions as a function of the local distortions
should drastically affect the parameters of the HK model.
Therefore, a careful lookout at the crystal structure should
be done prior to the parametrization. A structure-dependent
parametrization of a HK model can be envisioned but remains
beyond the scope of this work. As a final remark, our results

also appeal on resolving highly accurate experimental crystal
structures, particularly those obtained combining both neutron
and synchrotron x-ray diffraction patterns as they constitute
the baseline for understanding the microscopic physical prop-
erties of this type of compound.
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