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Quasi-two-dimensional antiferromagnetism with large magnetocrystalline anisotropy
in the half-filled square-planar iridate Cs;Na,IrQ,
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A rare class of square-planar iridate, Cs,Na,IrO,, where isolated IrO, moieties are oriented orthogonally
in the consecutive lattice planes, has been investigated using first-principles calculations. Microscopic mag-
netic exchange interactions and Wannier function analysis reveals the quasi-two-dimensional antiferromagnetic
ground state with moderate mean-field transition temperature, in spite of the absence of long-range structural
connectivity via IrO, moieties. Further magnetic interactions pointed out possible canting of the Ir spins in a
complex manner, due to the orthogonally oriented IrO4 planes. The estimated magnetocrystalline anisotropy
is significantly large, which is further accentuated by Os doping due to the modification of the electronic
configurations and electronic structure of the valence and conduction bands. The phonon modes analysis
confirms very weak spin-phonon coupling and reveals the possible mechanism for the evolution of orthogonally
oriented IrO4 moieties. The energetics of the muon active sites has been identified to guide the experimental

measurements.

DOLI: 10.1103/PhysRevB.108.155110

I. INTRODUCTION

In the last decade, iridates have attracted major attention
as emerging quantum materials due to their delicate inter-
play amongst various energy scales. Recent developments
in the field of iridates include the proximal observance of
Kitaev spin liquid in Ag;Lilr,Og [1,2], spin-orbit excitons
in Sr3Ir,O3F, [3], Weyl phase in pyrochlore Eu,Ir,O; [4],
and so on. The local structural environment of the iridium
atom is one of the crucial factors in dictating the properties
of such systems. However, the major focus of iridates is on
the systems with octahedral coordination of surrounding O
atoms, to form either a corner-shared perovskite type structure
or an edge-shared honeycomb structure, where the standard
Jer states [5] can be realized in the Ir-f, manifold in the
presence of strong spin-orbit coupling (SOC). The other vastly
studied iridates are formed in the pyrochlore structure where
Ir is in the tetrahedral coordination of four O atoms. The Ir 5d
orbitals here, split into ¢ — #, manifolds. In both of the above
cases, Ir prefers to be in the low spin state. Unlike various 3d
complexes, for example, cuprates [6], nickelates [7], Fe oxides
[8], etc., iridates rarely exhibit square-planar coordination due
to the fact that heavy elements, viz., 5d series, always prefer
to remain in a low spin configuration, under regular circum-
stances. However, recently, square-planar coordination in 4d
(Pd) and 5d (Pt) systems are emerging as quantum materials
that exhibit topological quantum phases [9] and there are a lot
more scopes for the iridates as well.

The first case where the iridates have been reported to oc-
cur in a square-planar environment is in A4IrO4 [10-12] with
A = Na, K, and Cs, where Ir is in an intermediate spin state of
S = % with antiferromagnetic (AFM) ordering at 7y = 25K
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[13,14], due to the interplay of Coulomb correlations and
crystal field effect with giant magnetic anisotropy energy [15].
The sister compound of this family has been synthesized
[16] with 50% Cs substitution at the Na site, which yields
CsyNayIrOy4 and is isoelectronic with the former. Usually the
reported square-planar coordination for a heavy element such
as Pd, Pt, etc., is in d® or d° electronic configuration with
a high spin state [17-20]. Moreover, the above-mentioned
square-planar cases are either edge or corner shared among
each other. An interesting fact is that in Cs;Na,[rOy, the IrO4
square-planar entities are completely isolated in nature, with-
out any cooperative structural connectivity. In addition, the
IrO4 square-planar plaquettes are not orientated in the same
plane and the structure consists of two orthogonally oriented
IrO4 square-planar plaquettes, which is remarkably different
from NayIrO,4. Such striking structural changes visible only
due to isoelectronic substitution at the A site cation is in itself
quite fascinating.

In this study we thus aim to understand the structure-
property relationship of this rare example of a half-filled
iridate in an orthogonally oriented isolated square-planar co-
ordinated material using first-principles density functional
theory (DFT) calculations. We obtained very interesting
electronic and magnetic ground states with reduced dimen-
sionality, along with substantial anisotropy. We also provide
a qualitative understanding of the orthogonally oriented IrO4
square planes from phonon analysis.

II. CALCULATION METHODOLOGY

The DFT calculations were performed within the plane-
wave based basis set of 500 eV cutoff on a pseudopotential
framework with the Perdew-Burke-Ernzerhof (PBE) [21]
exchange-correlation functional as implemented in the Vienna
ab initio simulation package (VASP) [22,23]. The effect of
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electron-electron Coulomb correlations was taken into ac-
count via on-site Hubbard U [24,25]. The standard value of
Uer (U-Jy) for the Ir 5d states as per literature, is ~2 eV
[26-29]. However, due to the presence of isolated IrO4 enti-
ties it is intuitive to expect that a comparatively large value
of U will be appropriate to describe the current system.
To cross-verify, we performed the electronic and magnetic
structure calculations with a wide spectrum of U values as
reported in Supplemental Material Figs. S1 and S2 and Table
T2 [30]. The resulting effects are discussed in detail in the
subsequent sections. The SOC effect has been incorporated
as a relativistic correction term in the noncollinear mode, as
implemented in VASP [31]. The 4 x 8 x 6 k mesh in the Brillouin
zone (BZ) was used for self-consistent calculations. The ex-
perimentally obtained structures were optimized by relaxing
the atomic positions towards equilibrium until the Hellmann-
Feynman forces become less than 0.001 eV/A, keeping the
lattice parameters fixed at the experimentally obtained values.
The low-energy Hamiltonian was acquired via the Wannier
function basis [32] using a downfolding technique. Only the
Ir 5d orbitals were kept as the active degrees of freedom,
integrating out all other degrees of freedom in constructing
the low-energy Hamiltonian. The dynamical stability of the
crystal structures has been investigated via phonon density
of states (DOS), using the open-source PHONOPY code [33]
employing the same energy cutoff or k-mesh grid in each
of the respective cases. The phonon results are also cross-
checked with the supercell calculations. The muon active sites
have been calculated by the addition of positively charged H
atomic sites, which mimics the +u present in the structure.
We further optimized the positions to get the most preferred
location of the muons. During optimization only the position
of the H atom was changed without altering the position of
other sites.

III. CRYSTAL STRUCTURE

Cs;Na,IrO4 crystallizes in a monoclinic structure (space
group C2/m) and consists of layered IrO4 planes, along the
c direction as shown in Fig. 1(a). The interesting feature of
this crystal structure is that the IrO4 planes in each alternating
layer are perpendicular to each other. For example, in one
layer the IrO4 planes lie in the ac plane (viz., site I) and in
the next layer they are oriented perpendicular to the former,
i.e., in the ab plane (viz., site II), as shown in Figs. 1(b) and
1(c), respectively. These orthogonally oriented IrOy4 planes are
the major deviation in the crystal structure from its parent
counterpart material NayIrOy.

Secondly, unlike other iridate systems, the structure of
Cs;NayIrQy4 is highly porous and lacks the long-range co-
operative structural connectivity. The IrO4 square planes are
completely isolated moieties and are not connected with each
other via oxygen ligands, which has been seen in most of the
cases. In spite of the fact that the Na and Cs atoms are also not
connected with O or Ir atoms, replacing 50% of the Na atoms
by Cs atoms rotates half of the IrO4 planes orthogonally to
each other. The electronic origin of such peculiar behavior is
elaborated later. The IrO4 square planes are slightly distorted
in terms of both bond lengths and angles and the deviation is
more prominent for the case of the IrOy4 in the ac plane than
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FIG. 1. (a) Crystal structure of Cs;Na,IrO4, where violet, or-
ange, and red spheres represent Cs, Na, and O atoms, respectively.
Ir atoms and corresponding IrO, square planes in the ab and ac
planes are represented by green and blue spheres and polyhedra,
respectively. (b) and (c) show a planar view of IrO, moieties in
the ac (site I) and ab (site I1I) planes, respectively. ZO-Ir-O bond
angles have been marked as o, 8 and o', B’ respectively, for ab
and ac planar IrO,4. (d) Phonon DOS for the structure obtained by
replacement of 50% of Na atoms in Na,IrO, with isoelectronic Cs.
(e) The phonon displacement eigenvectors corresponding to the neg-
ative frequency modes are shown at the various O sites in each IrO,
plane.

in the ab plane. The average Ir-O bond lengths are 1.93 and
1.94 A, respectively, for Ir at site T and site II, respectively,
as obtained from the GGA+U structural optimization. The
Z0-Ir-O bond angles are also deviated (Lo’ = 88.07, £’ =
91.93, Za = 90.01, and /B = 89.99) from the ideal 90°.

To further analyze the structure we began with the crys-
tal structure of NayIrO4 and replaced 50% of the Na atoms
with Cs atoms and performed structural optimization of
the atomic positions and the symmetries to generate the
Cs;Na,IrOy structure. Post structural optimization we found
that all the IrO4 planes were still oriented along the same
direction parallel to each other and did not capture the or-
thogonally oriented IrO,4 feature. Additionally, we calculated
the phonon DOS of the Cs;Na,IrO;4 structure generated from
the NayIrO4 structure, as shown in Fig. 1(d). The presence
of negative-frequency modes in the phonon DOS suggested
that the structure was dynamically unstable. The correspond-
ing phonon modes that are leading to the instability in the
structure were further examined as shown in Fig. 1(e). The ar-
rows at each O site represent the phonon displacement modes
(eigenvectors). On looking at the displacement vectors we find
that in each plane the centrally located Ir atoms hardly ex-
perience any displacement. In contrast to that, the diagonally
placed O atoms of each IrO4 plane experience displacement
along opposite directions parallel to the crystallographic ¢
axis, as marked by the up and down arrows in Fig. 1(e). This
results in the IrO4 plane rotating orthogonal to the ab plane.
The point to be noted here is that the magnitude of the rotating
eigenvectors is comparatively less in one IrO4 layer than in
the consecutive one. This further suggests that the IrO, square
planes in each alternate layer will rotate orthogonal to the
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FIG. 2. The calculated GGA+U (Uer = 2 eV) Ir d orbital pro-
jected DOS are shown for Ir sites in (a) the ac (red) and (b) the ab
(green) planes, respectively. The corresponding O p orbital projected
DOS is shown in cyan (light) lines for the respective planes in (a) and
(b). The Fermi energy is set at zero in the energy scale. (c) The
energy-level diagram of Ir 5d orbitals is shown.

ab plane, thus leading to the unusual crystal structure of this
compound.

IV. ELECTRONIC STRUCTURE

The calculated GGA+U (Uit = 2 eV) electronic structure
is shown in Fig. 2. The Cs and Na are in the nominal +1
valence states with inert shell configuration, so the corre-
sponding DOS are not shown in the specified energy range.
The fivefold degeneracy of the Ir d orbitals is lifted as per
the square-planar crystal field. Due to less repulsion along the
out-of-plane direction, the d3,2_,- orbital lies at the bottom and
is completely filled in both the spin channels as seen from the
DOS. A point to be noted here is that the exchange splitting
for d3,2_,2 is much lower than the crystal field splitting. The
double occupation of the d;2_,» orbital is mostly due to the
reduced electronic repulsion along the out-of-plane direction
(z direction) and the presence of a;, symmetry for the 4s and
ds2_,2 orbitals in Dy, symmetry [8,34,35]. Figure 2 clearly
depicts that the almost degenerate d,.-d, orbitals and the d,,
orbitals lie close to E; and are filled only in the majority
spin channel. As expected, the d»_» orbitals lie very far
away in the energy scale (around 4.5 eV above the Ey), and
are completely empty in both spin channels. The calculated
spin magnetic moment at the two different crystallographic Ir
sites is mentioned in Table I. As shown in Table I, the value
of the magnetic moment increases from 1.61 (1.63) to 1.86

TABLE 1. The calculated spin magnetic moments for
Cs;NayIrO, at the two Ir sites for GGA+U (with Uy ranging
from 0 to 3 eV). The values are mentioned in units of wp.

Spin magnetic moment at Ir site (up)

U.r (V) Site I Site 11
0 1.61 1.63
1 1.69 1.71
2 1.77 1.79
3 1.86 1.88

(1.88) at site I (I) with the increase in U from O to 3 eV.
Nevertheless, the total magnetic moment per formula unit
remains unchanged at 3 /f.u., with the change in the value
of Hubbard U.. From the occupation of the various d orbitals,
calculated magnetic moments, and DOS we can state that the
Ir atoms are in (+4)5d° configuration with an intermediate
spin state of S = % The § = % spin state of the system is

independent of the choice of Hubbard U. Considering S = %,
the reduced spin magnetic moment at the Ir sites is due to the
strong hybridization between Ir 54 and O 2p, that results in
the presence of a considerable amount of moment (~0.2u5)
at the oxygen site as well. The electronic structure is fur-
ther investigated by tailoring the Hubbard U parameter and
the corresponding DOS is shown in Supplemental Material
Fig. S1 [30]. We find that an insulating gap is present even
in the absence of U.g, which increases with the enhancement
of Us, as expected. The nature and the orbital occupancies
of the DOS remains intact with the variation of U.g from O to
3 eV. With this detailed analysis of the electronic structure and
the magnetic moments as listed in Table I, we conclude that
the charge and spin states also remain intact across an array
of Ues, which is crucial in establishing the robustness of the
electronic structure of the system with respect to the choice of
U.sr within a physically permissible range.

The band structure for GGA4U (left panel) and
GGA+U+SOC (right panel) along the high-symmetry K
points in the BZ are shown in Fig. 3. With the inclusion of
SOC, we find very interesting changes in the band structures.
The effect of SOC is rather strong in the conduction bands
as compared to the valence bands. The top of the valence
bands remains almost unaffected with the inclusion of SOC;
however, the conduction bands get split up by breaking the
band degeneracy in the presence of SOC. The bottommost of
the conduction bands now become really flat and split up from
the other two bands. As a result, the band gap is marginally
reduced, in the presence of SOC. A point to be pondered
here is that usually the effect of SOC in iridates is very
strong; however, depending on the electronic configurations,
that effect can be modulated. In the present case, Ir atoms are
in d°-§ = % configuration, where all the orbital degrees of
freedom are quenched, which usually reduces the impact of
SOC. Nevertheless, even in this orbitally quenched situation
we find that the effect of SOC is substantial in this material.
Hence, it is expected that the effect of SOC in deriving the
underlying magnetism would also be crucial and is discussed
in the subsequent sections.
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FIG. 3. Left: The calculated spin-resolved band structure calcu-
lated using GGA+U (U = 2 eV). The blue and green dotted curves
represent the majority and minority spin channels, respectively.
Right: The calculated band structure for GGA+U (U =2 eV) +
SOC (along the 110 axis).

V. MAGNETISM

To the best of our knowledge, there is no existing ex-
perimental study to understand the magnetic ordering of
Cs;NayIrO4. In this section we thus aim to understand the
microscopic detailing of the magnetism in this apparently
unusual structured material. We have performed total energy
calculations for various possible AFM spin configurations in
addition to that of the fully polarized ferromagnetic (FM) con-
figuration. Further, with the inclusion of SOC, noncollinearity
was introduced, i.e., now the spins at the Ir sites were allowed
to freely orient towards any crystallographic directions. From
this arrangement we found that the Ir spins are canted with
respect to the global coordinate axes. We investigated the total
energy for various noncollinear spin configurations and also
computed the magnetocrystalline anisotropy for the system.

TABLE II. The calculated (GGA+U, with Uy = 2 eV) mag-
netic exchange interactions (J’s) strengths and types are shown. The
corresponding Ir-Ir distances are also mentioned.

Interactions Ir-Ir distance (A) Value (meV) Type
Ji 6.65 0.11 AFM
J> 6.67 0.07 FM

J3 5.64 0.31 AFM

A. Magnetic exchange interactions

For a better understanding of the microscopic nature of
magnetism in Cs;Na,IrO4, we have evaluated the magnetic
exchange interactions, connecting different nearest and next-
nearest neighbor Ir sites. The magnetic exchange interaction
paths as marked in Fig. 4(a), were calculated and tabulated in
Table II. We utilized a methodology of obtaining the exchange
interactions by mapping the DFT total energies of the system
onto the corresponding generalized Heisenberg spin Hamil-
tonian of the form of ET = > JiSiS; [36-38], where J;;
is the magnetic exchange interaction between the ith and jth
sites and S; and S; are the effective spins at the correspond-
ing sites; this methodology is well established [37,39-42]
to provide qualitative measures of the magnetic exchange
interactions in terms of magnitudes and signs. We took into
consideration different collinear AFM spin configurations as
pictorially shown in Supplemental Material Fig. S2 [30]. Re-
gardless of the spin configuration, the magnetic moments at
the Ir sites are almost equal, which indicates that the magnetic
moments in Cs;Na,IrOy are very localized around the Ir sites.
This is expected due to the absence of cooperative structural
connectivity. Amongst them we found that the configuration
in which the Ir atoms are aligned antiferromagnetically in each
layer as well as along the global c axis (AFM3), has the lowest
energy. The comparative energetics of the various spin con-
figurations with the variation of U is listed in Supplemental
Material Table T1 [30]. We find that AFM3 (pictorial repre-
sentation shown in Supplemental Material Fig. S2 [30]) has

FIG. 4. (a) The magnetic exchange interaction paths J;, J,, and J; have been marked. (b) The ground state AFM magnetic configurations
for GGA+U +SOC (Uesr = 2 eV). The various spin directions at Ir sites are marked with different colored arrows. Color convention of the Ir

atoms is the same as that of Fig. 1.
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the lowest energy irrespective of the choice of U.s. Moreover,
the energy difference between the various spin configurations
decreases with the increase in U, which suggests the pos-
sibility of spin fluctuations in the low-temperature regime,
which is important to explore in the future.

Ji represents the interaction between two Ir atoms lying
in the same plane, while J, and J3 represent the exchange
interactions between two orthogonally oriented Ir sites. We
found that the exchange interaction between the orthogonally
oriented Ir site, i.e., J3, is the strongest and almost three times
stronger compared to that of J;, where both of these exchange
interactions are AFM in nature. We also found a small FM
type J», which is negligible compared to others. The nature
of the magnetic exchange interactions suggests that it is much
stronger between the two orthogonally oriented IrO4 moieties
as compared to the parallel IrO4 moieties. A point to be noted
is that, due to the lack of cooperative structure, the magnetic
exchange interaction strength is comparatively weak. More-
over, the magnetic interaction between Ir-Ir in the bc plane
is almost three times stronger than the interaction strength
in the ab plane and an order of magnitude higher than the
interaction strength in the ac plane. Therefore, this material
although structurally three dimensional, in terms of magnetic
interaction strength is equivalent to quasi-two-dimensional in
nature. The calculated mean-field transition temperature [43]
from the calculated J’s is around 18 K, which is similar in
order of magnitude to that of NayIrO,4 [13]. The above trend
of exchange interactions is tested with the change in U
from O to 3 eV (as shown in Supplemental Material Table T2
[30]). As U increases, the magnitude of the magnetic ex-
change interactions decreases, which is consistent with the
decrease in the comparative energetics of different spin con-
figurations as listed in Supplemental Material Table T1 [30].
Nevertheless, the relative strength of the different J’s remains
broadly unaffected with the change in U.s. Therefore, the
quasi-two-dimensional description of the material remains
valid irrespective of the applied Ues values.

Since SOC has a significant effect on the electronic band
structure, it is expected that SOC can induce noncollinear-
ity in the Ir spins to stabilize the low-energy AFM ground
state. Therefore, we reinvestigated the energetics of differ-
ent AFM spin configurations in the presence of SOC via
GGA+U +SOC calculations and found that the nature of the
lowest-energy AFM configuration remains unaltered as com-
pared to the previously mentioned non-SOC results. However,
due to the introduction of SOC, the Ir spins are now canted
with respect to each other, as shown in Fig. 4(b). In each layer
we see that the preferred spin orientation is along the direction
of the IrO4 plane. They, however, retain the AFM alignment
between two such planes for a given layer.

The details of the nature of the relative magnetic inter-
actions can be understood from the chemical perspective by
Wannier functions [44,45] visualization. In Fig. 5 the Wan-
nier functions for Cs,Na,IrO4 have been shown, where the
central part of the Wannier functions is shaped according to
the plotted active Ir 5d characters and the tails situated at
oxygen sites are shaped as per the integrated out orbitals.
The Wannier function’s weightage of the tails at neighboring
atoms describes the strength of the interaction between the
connected atomic sites. Figure 5 shows the central part is of

£

FIG. 5. The calculated Wannier functions for different exchange
interaction paths are shown. The Ir 5d,, Wannier orbitals centered at
the Ir site are shown in the (a) bc and (b) ab projected planes. Pink
and blue lobes represent isosurfaces with isovalues 4-0.18 and 0.18,
respectively. Color convention of the Ir and O atoms is the same as
that of Fig. 1.

the Ir 5d,, orbital character and the tails situated at different
Ir and O sites indicate the strength of the interaction with the
central Ir atom. In Fig. 5(a), we can see that J5 is the strongest
interaction amongst all due to the presence of the extended
and large tail at the neighboring orthogonally oriented Ir sites,
while J, is almost negligible as shown in Fig. 5(a). However,
the J; interaction, which is in between two Ir sites, where IrO4
is oriented in the same plane, has significant Wannier function
tails, suggesting that J; is also significant in magnitude, which
we found to be 1/3 of the J3 interaction. The Wannier func-
tion findings are consistent with the calculated values of the
magnetic exchange interactions (J) as mentioned in Table II
from ab initio total energy calculations.

B. Spin-phonon coupling

The presence of highly cooperative magnetic interactions
and long-range magnetic ordering, in the absence of the struc-
tural connectivity lacking a cooperative network of magnetic
sites (Ir in this case), is a very unlikely phenomena which
we obtained in Cs;NayIrO4. Similar counterintuitive facts
had been also observed experimentally in the parent com-
pound NayIrO4, where the long-range AFM transition was
noted at around 25 K. Ideally, in lattices without cooperative
connectivity, it is unusual that spins at the lattice sites can
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FIG. 6. Atom projected phonon density of states in FM (black
line) and AFM (red line) configurations for the (a) Ir (site I) and
(b) surrounding oxygen atoms.

build up long-range cooperative magnetic ordering. Contrary
to this popular belief, in the case for the present compound
Cs;Na,IrO4, with isolated IrO4 square-planar entities placed
orthogonally with each other and an absence of long-range
structural connectivity, we found long-range magnetic or-
dering, which suggests that the lattice and spin degrees of
freedom are decoupled from each other. To prove this point,
we have calculated the spin-phonon coupling for Cs;NayIrO4
by investigating the changes in the phonon density of states
by changing spin configurations, i.e., FM and AFM spin con-
figurations. The comparative analysis of the phonon DOS for
the FM and ground state AFM configurations is shown for
Ir atoms lying in the ac plane and the O atoms connected
to the Ir atoms in the ac plane are shown in Figs. 6(a) and
6(b), respectively. From Figs. 6(a) and 6(b), we can clearly
see that there are almost no changes in the phonon DOS by
changing the spin orientations from FM to AFM, except for a
few hard phonon modes at very high frequencies. Therefore,
one can confirm that in this material the spin-lattice coupling
is comparatively weak, which further ensures the stabilization
of the long-range AFM ground state, despite the absence of
long-range lattice connectivity.

C. Magnetocrystalline anisotropy

The effect of the SOC in the electronic structure and
the emergence of spin canting has been investigated via
GGA+U+SO0C calculations. It is expected that in an orbitally
quenched electronic configuration where orbital magnetic
moment is much less, the single-ion magnetocrystalline
anisotropy is not very prominent. Since the crystal structure
of this material is a unique layered kind without long-range
connectivity, it is worth investigating the magnetocrystalline
anisotropy (MCA) of this material. A point to be remembered

o
ok 1

FIG. 7. (a)-(c) Magnetization density along m,, m,, and m, for
IrO, in the ac plane, respectively. (d)—(f) Magnetization density
along m,, my, and m;, for IrO, in the ab plane, respectively. The yel-
low and green lobes represent isosurface with positive and negative
signs of magnetization, respectively.

is that a substantial out-of-plane MCA was also found in the
parent compound NayIrO,4 and it was reported that the MCA
could be further boosted up via appropriate doping at the Ir
sites [14].

The MCA is referred to in terms of easy axis or easy
plane; however, in this material due to the presence of two
orthogonally oriented IrO4 planes, the MCA description is
more complex. We performed total energy calculations with
different global spin quantization directions, and the values of
MCA are listed in Table III. We found that the [110] Miller
indices direction is energetically favorable by &~ 10 meV /f.u.
In the presence of SOC, the spin moments are split into m,,
my, and m; projections and we found that the spin moments
at Ir sites I and II experience a slight modification as shown
in Table III. Under the influence of SOC, a part of the spin
magnetic moment is transferred to its orbital counterpart. For
heavier 5d systems such as Ir, the orbital moment is expected
to have a very high value and in some cases it is reported
to be twice the spin magnetic moment [5]. The value of the
orbital magnetic moment, however, depends on the intricate
electronic occupation of the system. In the present case we
obtain the orbital magnetic moment for different spin quanti-
zation axes as shown Table III and one can clearly find that
the orbital moment is of the order of 10-20% of the spin
value. This highlights the significant quenching of the orbital
moment due to the half-filled character in the S = % spin
state. Interestingly, if we look at the magnetization density
at the different Ir sites, as shown in Fig. 7, the spin density
is not exactly oriented in the global [110] direction for all Ir
sites. This disparity is major because of the different orien-
tations of the IrO,4 planes—one in the ab plane and another
in the ac plane. From the magnetization density for Ir atoms
that lie in the ac plane as shown in Figs. 7(a)-7(c), we find
that in this case the magnetization is along the m, and m;
directions. Similarly, in Figs. 7(d)-7(f), for the Ir atoms in
the ab plane the major contribution of spins is along the
m, and m, directions, which coincide with the global MCA
direction.
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TABLE III. The GGA+U (Uer = 2 eV)+SOC calculated magnetocrystalline anisotropy and the spin and orbital magnetic moments for
Cs;Na,IrO, for various FM noncollinear configurations, where m; and o; (with i = x, y, and z) represent the spin and orbital magnetic moments
along the x, y, and z directions, respectively. The values of MCA and magnetic moments are mentioned in units of meV and g, respectively.

Spin quantization =~ MCA/f.u. Irsitel frsite Il

directions (meV) my (0,) my (0y) m; (0;) my (0y) my (0y) m; (0;)
001 12.10 0.07 (—0.01) 0.00 (0.00) 1.64 (0.23) —0.19 (0.04) 0.00 (0.00) 1.61 (—0.04)
100 11.49 1.61 (0.05) 0.00 (0.00) 0.28 (—0.24) 1.61 (—0.04) 0.00 (0.00) 0.18 (0.04)
110 0.00 —0.09 (0.00) 1.14 (—0.06) 1.12 (0.10) 1.58 (—0.02) —0.31 (—0.02) 0.11 (0.05)
101 11.82 1.05 (0.22) 0.00 (0.00) 1.21 (0.03) 1.06 (0.25) 0.00 (0.00) 1.24 (0.06)

The large value of MCA in Cs;Na,IrO4 can be understood
as an interplay of large SOC, electronic structure, and the
influence of an unusual crystal structure. In heavier elements
such as Ir, Os, etc., the large SOC strength contributes to the
enhancement of MCA even in the scenario where the orbital
moment is quenched. In Cs;Na,IrOy4, due to the presence of
isolated IrO4 moieties the magnetic moment is localized at
the Ir site, which further paves the path for enhancement of
MCA. Another factor that is to be taken into account is the
low-symmetry square-planar coordination environment of the
Ir atoms in this compound, which causes the d-level splitting
to be much different compared to that of an octahedral en-
vironment. In the present compound the exchange splitting
of the occupied d,, orbital and the unoccupied d,, — d,, or-
bital is very large; as a result, although the orbital moment
is quenched at the Ir site, the MCA energy is substantial.
Additionally, due to the presence of the two orthogonally
oriented, isolated IrO4 moieties, structurally this compound
is also very anisotropic, which further enhances the MCA
energy of this compound significantly. A large value of MCA
in cases where the orbital moment is quenched has also been
previously reported for the different 5d compounds [46-48].
We have calculated the MCA by varying the SOC strength, as
shown in Supplemental Material Fig. S3 [30], which clearly
indicates that the MCA varies quadratically with the SOC
strength. A similar trend of MCA was also observed in the
case of NayIrO4 [15], which could be explained by the second-
order perturbation theory.

The unique features of MCA in Cs;Na,IrO4 motivates us
to explore this family of compounds further. For the parent
compound NaylIrOy, it is known that replacing Ir by Re can
drastically increase the MCA energy [14], therefore it is worth
exploring a similar route for Cs;Na,IrO4 as well, where the
structural arrangement is even more complex. The motivation
behind substitution at the Ir sites is to externally perturb the
system such that there is a change in the position of the
orbitals near the Fermi energy level so as to decrease the gap
between the highest occupied orbital and the lowest unoccu-
pied orbital, through which the MCA can be tuned. However,
we found that the Re variant of the present compound does
not form a dynamically stable structure with two orthogonally
oriented ReO4 square-planar entities. We have also cross-
checked for the Os, Pt, as well as the isoelectronic Rh variant
of CspNa,IrO4 by optimizing the crystal structure. Never-
theless all of them show small negative frequencies in the
phonon DOS as shown in Supplemental Material Fig. S4 [30].
This suggests that their structures are dynamically unstable.

However, the 50% Os doping at Ir sites forms a stable struc-
ture without any negative frequency modes, as shown in the
phonon DOS in Fig. 8(b). All the Os atoms here prefer to
occupy the same plane. We have also cross-checked the ther-
modynamic stability by calculating the temperature variation
of free energy and entropy as shown in Fig. 8(c), which clearly
confirms the stability of the Cs;NajIrgs0s9sO4 compound.
We also find that the square-planar geometry of the IrO4 and
0sO, planes is retained after substitution. From the orbital
projected DOS in Fig. 8(a) we can conclude that Os is in +4
nominal valence state with § = 1 spin state. The calculated
spin magnetic moments at the Ir and Os sites are 1.77up and
1.55up, respectively. The induced magnetic moment at the
O sites in the IrO4 plane is 0.27up, and that in the OsOy4
plane is at a much lower value of 0.12up, thus suggesting
a stronger hybridization of Ir with O, as compared to Os.
Further calculations show that the MCA energy becomes as
high as 21.39 meV/f.u. in the 50% Os-doped case and the
preferential axis is along the [111] plane in contrast to [110].

The enhancement of MCA and the change in the easy
quantization direction with Os substitution can be understood
from the modification of the electronic structure due to the Os
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FIG. 8. (a) The GGA+U (U = 2 eV) orbital projected DOS
for Cs;Naylrgs0sys04, where blue and magenta represent Ir d
and Os d states, respectively. The Fermi energy level has been
set to zero. (b) represents the phonon DOS [states/(THz cell)] of
CsyNaylr 50s9504. (c) The entropy [J/(K mol)] and the Helmholtz
free energy (kJ/mol) as a function of temperature represented by the
red and green curves, respectively.
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(b) Site Muon-Oxygen AE (eV)
distance (A)

1 0.991 0.190

11 0.993 0.000

1 0.993 0.000

v 0.993 0.000

v 0.968 0.540

VI 0.980 0.008

Vil 0.975 0.401

VIII 0.977 0.165

FIG. 9. (a) Eight u* stopping sites for Cs,Na,IrO,. Ir atoms in the ab plane are represented by green spheres and those in the ac plane
by blue spheres. IrO, square planes are represented by blue and green polyhedra for the ac and ab planes, respectively. O atoms and u™ are
represented by red and brown spheres, respectively. (b) Relative energy of each u™ stopping site and distance with the nearest oxygen atom.

substitution. The electronic structure shows that the unoccu-
pied Ir d states of Csp;NajIrg50s950O4 in the minority spin
channel move closer to the Fermi energy, which decreases
the exchange splitting as compared to that of the Ir d states
of the Cs,Na,IrO, case. This in turn allows for the enhance-
ment of MCA. Moreover, from our calculations we found that
the origin of the change of easy axis from [110] to [111],
is mainly driven by the electronic structure and electronic
configurations contribution. In Cs;NayIrgs0Osg 504, Ir is in
+4 nominal valence state with 5d° electronic configuration
S = %), whereas Os with one electron less is in +4 nominal
valence state and has 5d* electronic configuration (S = 1).
Therefore in the case of the Os-substituted system, the d:
orbital is completely filled by two electrons, whereas d,; — d.
is half-filled with one majority spin electron at each level and
the d,, is completely empty in both spin channels. Hence
in this case, the smallest energy gap amongst the occupied
and unoccupied levels occurs between the filled d,, — d, and
the empty d,, in the same spin channel, whereas, for the
case of CsyNayIrQOy, it is in between the occupied majority
spin channel of d, and the empty minority spin channel of
dy; — d .. A point to be noted here is that the stated energy
gap for Cs;Naylrg50sy 504 is much less compared to that
of the undoped case, which can be very clearly seen from
the DOS in Fig. 8(a). Therefore, in the case of CsyNa,IrOy,
the SOC Hamiltonian couples the highest occupied and low-
est unoccupied energy levels of two opposite spin channels,
whereas for the Os-substituted compound, the SOC Hamil-
tonian couples the energy levels of the same spin channels.
Thus the effect of the SOC interaction is very different at the
Ir and Os sites. In the previous studies [49-51] the authors
showed that the SOC matrix elements and the maximization
of SOC eigenvalues are dependent on the electronic struc-
ture and the energy-level occupation. Also in the present
cases, the changes of the easy axis before and after Os sub-
stitution are due to the fact that the SOC interactions are
maximized differently due to the change in the electronic
configurations.

VI. DISCUSSION AND CONCLUSION

We found that the discussed compound is very interesting
and shows various unique magnetic properties which require
further detailed experimental investigations. Since the iri-
dates are not very responsive to neutron diffraction, which
is the most obvious microscopic experimental tool to investi-
gate such physics, muon spin resonance (#SR) measurement
would turn out to be a more appropriate experimental tool
to perform microscopic investigation of magnetism in the
compound. As a guiding route to the experimentalists to un-
derstand the magnetism of this material microscopically, we
provide the preliminary results of the spectroscopy measure-
ment by calculating various probable muon active sites, using
first-principles calculations. Muons are essentially active pro-
tons with a positive charge and interact with the system due to
the presence of an intrinsic magnetic moment. Thus to mimic
the presence of the ut in the material, we added H atom
sites in the structure and optimized the positions of H atoms,
without any modifications at the other sites of the structure
[52,53]. For the initial guess of the probable H site, we began
by selecting symmetrically allowed positions near the anionic
ligands. This was done keeping in mind that such positions
experience maximum electronegativity. Figure 9(a) shows,
post optimization eight possible ™ active sites, named p* (1)
to ™ (VIID). In Fig. 9(b) the distance between the u* site with
its nearest oxygen atom has been mentioned along with the
relative energy per site. We found that the sites marked by II,
III, and IV are energetically the most favorable positions to
capture the u and act as the muon active sites. Although the
other possible muon sites are energetically higher, the energy
difference is very small—of the order of 0.5 eV.

In conclusion, our study focuses on a rare iridate, which is
half-filled, and occurs in a square-planar environment with an
intermediate spin state of § = % We conducted detailed first-
principles calculation studies of the electronic and magnetic
properties of Cs;Na;IrO4. From analyzing the phonon distor-
tion modes, we provide a possible explanation of orthogonally
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oriented IrO,4 square-planar geometry in the consecutive lay-
ers of the material, which is counterintuitive and also absent
in its parent material NasIrO4. We found that in spite of the
lack of structural connectivity via orthogonally oriented iso-
lated IrO,4 moieties, a long-range canted AFM ground state is
established due to weak spin-phonon coupling. The calculated
mean-field magnetic transition temperature is very close to
that of its parent counterpart. The most dominant exchange
interactions are in the bc plane, between two perpendicularly
oriented IrQy sites, suggesting the quasi-two-dimensional na-
ture of magnetic interaction. We also found comparatively
high MCA energy in this system, which can be further

enhanced by the 50% Os doping at the Ir sites. Further, we
revealed that the origin of the large MCA is mostly electronic
structure driven, which is additionally enhanced by the unique
isolated square-planar geometry IrO4 and can be understood
as a second-order perturbative effect of SOC.
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