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Robust magnetism and phase transitions in ultrathin Na,IrO; flakes
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Competing spin-orbit coupling, electron correlation, and structural distortion are crucial factors influencing the
physics of oxides, including iridates. We investigate ultrathin chemically bonded layered Na,IrOs, which exhibits
characteristics of a proximate quantum spin liquid in its bulk form. Employing first-principles calculations, we
explore the interplay between Heisenberg and Kitaev interactions within the two-dimensional limit. Contrary to
the conventional understanding of van der Waals materials, magnetism in ultrathin Na,IrO; is reinforced in the
two-dimensional limit. As the zigzag antiferromagnetic state stabilizes, it diverges further from the Kitaev spin-
liquid state due to enhanced Heisenberg and off-diagonal exchange interactions. Furthermore, carrier doping can
tune the electronic and magnetic states, resulting in combined Mott insulator-to-metal and antiferromagnetic-to-
ferromagnetic transitions. These findings provide compelling insights into the magnetism of a two-dimensional

realm in non-van der Waals correlated oxide flakes.

DOI: 10.1103/PhysRevB.110.L.020403

Introduction. A quantum spin liquid (QSL) is an ex-
otic state of matter where highly correlated spins evade
a symmetry-breaking phase transition down to the lowest
temperatures [1-3]. QSLs exhibit long-range entanglement,
topological order, emergent gauge fields, and fractional
excitations that attracted enormous attention in quantum con-
densed matter physics. The Kitaev QSL state is an exact
solution to a model Hamiltonian with bond-specific § = 1/2
nearest-neighbor Ising interactions, K,, S ly S}/ , where y denotes
different bonds [4]. In this model, the spin fractionalizes into
itinerant and localized Majorana fermions.

Realizing the Kitaev QSL state in real materials is chal-
lenging due to the existence of additional spin interactions,
such as the Heisenberg exchange [5-9]. In this context,
spin-orbit entangled pseudospins on a honeycomb lattice can
generate a Kitaev interaction in the edge-shared octahedral
Mott insulators. The interplay between correlation and spin-
orbit coupling makes Ir** oxides and Ru** chloride the
primary candidate materials for hosting Kitaev QSL state
[10-17]. Among the iridates, Na,IrO3 has received consid-
erable attention since it was envisioned for realizing Kitaev
physics [5,6]. Due to the extended Ir-5d orbitals, iridates
reside far away from the Mott-insulating limit, U > W,
with U and W being the electron correlation and electronic
bandwidth, respectively. Consequently, the delicate inter-
play between comparable U, W, and spin-orbit coupling Ay,
becomes intriguing. Given the spin-orbital nature, the interac-
tions between jer = 1/2 pseudospins are highly anisotropic,
and the conventional Heisenberg exchange is suppressed
according to the Jackeli-Khaliullin (JK) mechanism [5,6].
However, distortions result in a reduction of the Kitaev in-
teraction and an increase in the Heisenberg exchange [7,18].
Accordingly, at temperatures below 15 K, the bulk Na,IrO3

*Contact author: mukul kabir @iiserpune.ac.in

2469-9950/2024/110(2)/1L020403(6)

L020403-1

exhibits antiferromagnetic (AFM) ordering, forming a zigzag
spin structure [10-13].

This Letter investigates ultrathin Na,IrO3 from two per-
spectives. First, we analyze the impact of dimensional
reduction and carrier doping on proximate Kitaev physics.
Second, we explore 2D magnetism with enhanced electron
correlation and spin-orbit coupling, demonstrating layered
oxides as a different platform. In both counts, we report in-
triguing results. The ordering temperature is enhanced in the
2D limit, contrary to typical van der Waals (vdW) magnets.
Additionally, charge-doped flakes undergo a Mott insulator-
to-metal transition alongside an intriguing magnetic phase
transition. These results present an exciting opportunity for
further exploration.

Results are obtained from density functional theory, im-
plemented in the Vienna ab initio simulation package [19,20],
and extended Heisenberg-Kitaev Hamiltonian. We account for
the on-site Coulomb interaction, Hund’s exchange, and spin-
orbit coupling [21]. Comprehensive structural relaxations are
conducted, and magnetic ordering temperatures are deter-
mined through Monte Carlo simulations utilizing the SpinW
code [22]. Additional computational details are provided in
the Supplemental Material [23-30].

Before exploring ultrathin flakes, it is imperative to
reproduce experimental results for bulk Na,IrO; and vali-
date the methodology. Calculated structural, electronic, and
magnetic properties agree well with various experimental
techniques, including angle-resolved photoemission spec-
troscopy, optical conductivity, resonant inelastic x-ray scatter-
ing, and inelastic neutron scattering (Supplemental Material)
[10-13,30-38]. The bulk exhibits a relativistic Mott-
insulating state with filled jer = 3/2 and half-filled jesr =
1/2 manifolds. Trigonal distortion A, significantly influences
the quantum state, yet the je picture remains valid due to
A; < Ar. However, this lifts the 7, degeneracy, leading to
partial quenching of orbital momentum in bulk Na,IrOs. The

©2024 American Physical Society


https://orcid.org/0009-0006-7372-575X
https://orcid.org/0000-0002-3230-280X
https://ror.org/028qa3n13
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.L020403&domain=pdf&date_stamp=2024-07-11
https://doi.org/10.1103/PhysRevB.110.L020403

DEEPAK K. ROY AND MUKUL KABIR

PHYSICAL REVIEW B 110, L020403 (2024)

@ O0O000 m (©)

00000 00000 00000 1L

00000 00000 0.5

00000 00000

Energy E — Er (eV)

h
(@ (h) 3L

0.0 -
(d) " 3 (e)
oy,
~ s o -0.5
99.88 “
O . =
%
I 100.58° °>'
X
. » » . b
Al -1.
J © O ci—»a 3
Ir—0 distances Ir—O distances
—2.046 A —— 2.042 A — 2,056 A 2.060 A 2.0
a=5450 A, b=9434 A, ¢ =5.637 A a=5557A,b=09.620 A r
Sie = 0.69 % S1e = 0.01 %

FIG. 1. (a)-(c) Different surface terminations are feasible for the ultrathin flakes, as illustrated for the three-layer (3L) Na,IrOs. The bulk
structure comprises alternating layers of honeycomb Nalr,O4 and hexagonal Najz layers, making the flakes with and without the pure Naj
termination equally plausible. Flakes where (a) both sides [Naj]| - - - [Nas], (b) one side [®| - - - [Nas], and (c) none of the sides [®] - - - |®] are
terminated with a Naj layer. Chemically passivated flakes are explored, though not depicted. Local structural details of the Nalr,Og layer are
represented in (d) for the bulk and (e) for the passivated monolayer, [H-Naj|Nalr,O¢|Na3-H]. Na-atoms are omitted for clarity. Magnetic axes,
{a, B, v} = {x,y, 2}, are along three nearest-neighbor Ir-O bonds. Bonds of the same color represent equivalent Ir-O distances. Electronic band
structures of passivated flakes are shown in (f)—(h), which remain spin-orbit coupled Mott insulators. Essential electronic structure parameters
such as band gaps, bandwidths, and the electron correlation remain equivalent to those of bulk Na,IrO;.

distorted edge-shared octahedra disrupts the JK mechanism,
triggering superexchange interactions. These interactions re-
sult in magnetic ordering below 15 K [10-12], driven by
Heisenberg and off-diagonal interactions. Consistent with
experiments [11-13], the ground state is a zigzag AFM con-
figuration, energetically favored over FM, stripe, and Néel
AFM states [30]. The calculated spin moment of 0.28 pp /Ir is
smaller than anticipated for jo = 1/2 systems, aligning with
trends observed in Ir** compounds [11,34-36]. Additionally,
in agreement with experimental [37] and earlier theoretical
results [39], us and pu, moments are weakly noncollinear,
lying in the ac plane at an angle with the crystallographic a
axis [30].

Ultrathin Na,IrOs flakes. The bulk being a proximate QSL,
ultrathin Na,IrO; layers provide a fascinating opportunity to
explore Kitaev and Heisenberg interactions in the 2D regime.
The weaker Na-O bonds between the Naj and Nalr,Og layers
are cleaved, leading to flakes in the crystallographic ab plane
[Figs. 1(a)-1(c)]. The exfoliation energy of 154 meV A2 is
comparable to that of previously exfoliated transition metal
carbides [40-42]. The flakes, being either Na rich or Na
deficient [43,44], are electron or hole doped at the surface,
exerting an intriguing effect on their physical properties.
Moreover, both neutral and charge-doped flakes demonstrate
dynamic stability [30], as confirmed by phonon dispersions
calculated using acoustic and rotational sum rules for the
force constants [29]. Remarkably, such non-vdW flakes have
recently been chemically exfoliated [45—47].

Charge-neutral flakes. Ultrathin layers terminated with
Naj layers on both sides are charge neutralized through hydro-
gen passivation, [H-Nas]| - - - |[Na3-H]. A Bader charge analysis
demonstrates that the magnetic honeycomb Nalr,Og sublay-
ers exhibit the same charge distribution as the bulk [30].
The in-plane lattice parameters consistently increase with

thickness reduction, being 2% longer in the monolayer com-
pared to bulk [Figs. 1(d) and 1(e)] [30]. In the passivated
monolayer, the Ir off-centering distortion Jy, substantially
decreases from 0.69% in the bulk to 0.01%, while the trig-
onal distortion increases to 6 ~ 95° [30,48]. Independent
of thickness, the electronic structure of the passivated flakes
resembles that of the bulk, maintaining a relativistic Mott-
insulating state with approximately 400 meV band gaps
[Figs. 1(f)—1(h)]. The calculated octahedral splitting Agc of
3.4 eV, effective correlation calculated from the upper and
lower Hubbard bands of 0.6 eV, and bandwidths near the
Fermi level, 160-250 meV, are consistent with bulk values
[30].

Magnetism persists in passivated flakes with one to three
Nalr,O¢ sublayers, exhibiting a zigzag AFM state akin to
the bulk (Table I). This is unexpected, as the bulk mate-
rial orders only below 15 K. These findings demonstrate

TABLE I. Heisenberg exchanges J; and J;, off-diagonal ex-
changes I' and T, and Kitaev interaction K in meV were
calculated for bulk Na,IrO;, charge-neutral monolayer, ML:
[H-Na;|Nalr,Og|Nas-H], and hole-doped h-ML: [®|Nalr,O¢|®].
The calculated Néel temperature 7y for the bulk agrees excellently
with experimental data [10-12], confirming the accuracy of the
calculations. Remarkably, the ZAFM magnetism strengthens in the
charge-neutral monolayer, while hole doping triggers a magnetic
phase transition.

Ji K r I’ J3 Injc

Bulk zAFM 722 -3126 352 -324 356 18K
ML zAFM 696 —-2950 10.00 —-596 6.14 32K
h-ML FM  —12.56 1.82 021 -050 -2.79 29K
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FIG. 2. The magnetic anisotropy energy in the crystallographic
ac plane is illustrated as the spin moment rotates at an angle 7
relative to the a axis. These calculations employ the generalized
gradient approximation (GGA) + SO + Uy + Jy approach within
the zigzag AFM (zZAFM) order. The energies are presented relative to
the energy when the moment aligns along the a axis. The moments
in the Mott-insulating zigzag AFM ground state are oriented at an
angle to the a axis.

that the conventional notion of diminishing ordering with
decreasing thickness is not applicable in this context [49].
Additionally, the zigzag-ordered moments show a curious fea-
ture of not aligning with any of the crystallographic axes. In
both monolayer and bulk, the Ir moments lie in the ac plane,
forming angles of approximately 75° and 70°, respectively,
with respect to the crystallographic a axis (Fig. 2). The spin
and orbital moments in the bulk show weakly noncollinear
behavior, with mutual angles below 10°, consistent with ex-
perimental [37] and theoretical findings [39]. This trend is
maintained in the passivated monolayer, albeit with a higher
degree of noncollinearity [30].

Charge-doped flakes. Surface termination influences
charge carrier density, which can be further modulated
through passivation [30]. The charge-doped flakes show re-
duced in-plane lattice parameters, particularly pronounced
in hole-doped flakes. Other structural parameters such as
Ir-O bonds, O-Ir-O, and Ir-O-Ir angles are also impacted.
In flakes without the Na termination, Na-atoms from the
adjacent Nalr,O¢ magnetic layer undergo an out-of-plane dis-
placement of 1.6 A [30] indicative of Na volatility observed
experimentally [43,50].

Charge doping induces intriguing electronic and magnetic
phase transitions in ultrathin flakes of varying thicknesses.
The metallic ferromagnetic state emerges in the monolayer,
becoming more stable with increased carrier density (Fig. 3).
However, no evidence of magnetism is observed in the highly
electron-doped [Naj|Nalr,Og|Na3] monolayer. The moments
correlate with carrier density, showing that pu, decreases
as density increases, particularly notable under hole dop-
ing, which also suppresses ps [30]. Consequently, effective
spin-orbit coupling is reduced. At intermediate hole doping,
the lower Hubbard band of je-1/2 partially fills, resulting
in a simultaneous decrease in both moments. In the pres-
ence of charge carriers, g aligns with the ¢ direction and

4 bulk ® R
Mott insulator | ZAFM

2 ML ® 1

(meV/Ir)
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A
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FIG. 3. The monolayer undergoes electronic and magnetic phase
transitions in response to charge carriers. Variation in carrier density
affects the relative energy Af™L between the FM and the zigzag
AFM phases. The density of states is available in the Supplemental

Material [30].

becomes collinear with u,, differing from the bulk and neutral
monolayer.

Magnetism in bilayer and trilayer is intricate, exhibiting a
simultaneous presence of Mott-insulating AFM and metallic
FM orders in distinct sublayers depending on carrier density
[30]. Like the monolayer, extra electrons or holes induce a
phase transition to a metallic FM state in the Nalr,Og sub-
layer at the surface. For instance, the charge-neutral bilayer
[H-Nas| - - - |[Na3-H] displays Mott-insulating behavior. How-
ever, a metallic [FM|FM] state emerges when both sides of the
bilayer are terminated with or without the Naj layers, corre-
sponding to electron and hole doping, respectively. Likewise,
bilayers featuring a passivated Nas-H layer on one side and
carrier doping on the other (Fig. 4) stabilize in an AFM|FM
phase. Consistent trends are observed in trilayers with differ-
ent terminations [30]. Trilayers with and without Naj layers
on both sides, representing electron-doped [Nas| - - - |[Nas] and
hole-doped [®]---|®], exhibit a [FM|AFM|FM] magnetic
configuration.

Carrier doping occurs naturally in chemically exfoliated
flakes, and multilayer flakes hold promise for diverse ap-
plications in spin-based devices, including magnetic tunnel
junctions, magnetic sensors, spin filters, valves, and memory
devices. However, it is important to note that devices integrat-
ing Na,IrO; flakes will be limited to cryogenic temperatures.
Nonetheless, the present results emphasize the possibility of
naturally occurring spin devices and extend it to other mate-
rials capable of producing ultrathin layers that can maintain
electronic and magnetic features at higher temperatures.

Extended Heisenberg-Kitaev model. We explore the micro-
scopic details of magnetism using the extended Heisenberg-
Kitaev (HK) Hamiltonian. Significant lattice distortion de-
viating from the ideal cubic octahedral environment renders
a Heisenberg exchange, and a pure Kitaev Hamiltonian is
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Nas
Na;—H ® Nalr,Oq | FM
Nalr,O | AFM Nalr,O5 | FM Na;
Nas Naj Nalr,O4 | AFM
Nalr,Og | FM Nalr,O4 | FM Na,
Na, Na; Nalr,Os | FM
Nas

FIG. 4. Magnetic ordering in Nalr,O sublayers is dictated
by the adjacent termination layer: the presence or absence (®)
of Na; layer, and a passivated Naz-H layer. These termina-
tions correspond to electron- or hole-doped and neutral mag-
netic Nalr,Og sublayers, respectively. All possible terminations
are studied, while the schematic illustrates a selection of them.
The bilayer [H-Nas| - - - |[Nas] exhibits an [AFM|FM] state, while
the [®] - - - |[Na3] bilayer demonstrates [FM|FM] ordering. Similarly,
the [Nas| - - - |[Nas] trilayer displays a [FM|AFM|FM] configuration.
The corresponding density of states is presented in the Supplemental
Material [30].

inadequate to describe the physics. We consider a minimal HK
Hamiltonian of the form [5-9]

H= Y [hSi-S;+KS'S! +T(s's" +'s%)
(ij)eaB(y)

(<P B o o
+ T(SPSY +S7ST 4+ 88y +S7ST)] + D BSi- S,
«aim

where J; and J; are the first- and third-neighbor Heisen-
berg interactions, K is the Kitaev exchange, and I' and
[V are the symmetric off-diagonal exchange. S are the
Ir** Kramers doublet pseudospin (Joir = 1/2). {a, B, y} =
{x,y,z} are three nearest-neighbor bonds [Fig. 1(d)]. The
non-Kitaev terms in the Hamiltonian induce a phase tran-
sition to a zigzag AFM state at 15 K [10-12]. Stronger
Ji, J3, T, and T will drive the system further away
from the QSL state. Therefore, exploring the evolution of
competing exchange interactions from bulk Na,IrO; to a
single layer of spin-orbit coupled correlated electrons is
intriguing.

The parameters of the HK Hamiltonian are determined
using the four-state method (Table I) [26,27]. The Kitaev
interaction in bulk Na,IrO; is ferromagnetic and serves as
the dominant energy scale, whereas the J; interaction is AFM
and notably weaker, |J;| < K. These results are consistent
with ab initio calculations [9,27,51,52] and the same extracted
from experimental data [8,53]. Furthermore, anisotropy in the
magnetic susceptibility suggests the presence of a symmetric
off-diagonal exchange [9,10], and fitting with experimental
data indicates a non-negligible contribution when K > |J;|.
For bulk Na,IrO;, the calculated ratio of I'/(3J; +K) ~
—0.37 is consistent with previous predictions [9]. Stabiliza-
tion of the zigzag AFM phase in honeycomb iridates is
attributed to the third-neighbor Heisenberg exchange J3, aris-
ing from an inversion center and finite M-L-L-M hopping in
the system [18,52,53]. Similar to J;, we find J3 to be sizable
and antiferromagnetic, with J3 ~ I" and J3/J; ~ 0.5. We com-
puted I/, which is ferromagnetic unlike I', but comparable
in strength, |T''| ~ |T'|. Hence, despite having a significant

Kitaev interaction, bulk Na,IrO3 orders in the zigzag AFM
phase due to considerable AFM Heisenberg exchanges Ji, J3,
as well as I and I’ (Table I). The corresponding Ty is deter-
mined using Heisenberg-Kitaev Monte Carlo simulations with
10* spins and using parameters in Table I, yielding excellent
agreement with experimental data [10—12].

The passivated monolayer maintains electronic equiva-
lence to the bulk, yet specific structural alterations in 2D result
in intriguing characteristics in the competing exchange inter-
actions. Proceeding from the bulk to monolayer, the nature of
interactions remains unchanged: FM for K and I’ and AFM
for Jy, J3, and I" (Table I). Furthermore, the magnitudes of
Kitaev K and Heisenberg J; remain consistent. Conversely,
the off-diagonal interactions I, I"" and third-neighbor J3 sig-
nificantly increase, leading to |K/J;| ~ 4.2, J3/J; ~ 0.9, and
IT| > |J3] ~ |T’|. The origins of I" and I'" lie in competing
metal-metal, ligand-assisted, and distortion-mediated hopping
processes [18]. In Na,IrO;, where ligand-assisted hopping
dominates [51], the concurrent increase in the Ir-O-Ir an-
gle and trigonal distortion, as measured by the O-Ir-O angle
[30], enhances I and I'” in the monolayer. Consequently, the
monolayer stabilizes the zigzag AFM phase, evident from
a significant rise in Ty (Table I). The complex magnetism
described here contrasts with that of non-Kitaev 2D magnets
[49]. Analogously, a recent study on RuCl; has demon-
strated an increase in off-diagonal exchanges due to lattice
distortion [54].

A microscopic analysis of the magnetic phase transition
reveals a fascinating picture in the hole-doped metallic flake
(Table I). Contrary to the charge-neutral flakes and bulk
material, the Heisenberg interactions become ferromagnetic
and dominate over the antiferromagnetic Kitaev interaction,
where K < |J|. Hole doping quenches the orbital moment,
leading to a significant decrease in spin-orbit coupling [30].
Consequently, both the Kitaev and off-diagonal interactions
experience substantial reductions, while the ferromagnetic
Ji and J5, with |K/J;| ~ 0.14 and J3/J; ~ 0.22, govern the
physics. These parameters correspond to a relatively higher
Curie temperature 7¢ of 29 K.

The preceding discussion indicates that quantum elec-
tron confinement does not alter the Mott-insulating electronic
or zigzag AFM magnetic state in neutral flakes. However,
the 2D nature induces structural distortions, significantly
affecting the microscopic magnetic interactions (Table I).
Similarly, electronic and magnetic phase transitions in carrier-
doped flakes are primarily driven by doping and lattice
distortions.

Summary. We rigorously investigate magnetism in ul-
trathin flakes of correlated oxide Na,IrO;, considering its
proximity to a QSL state in bulk. Surprisingly, magnetism per-
sists even at the monolayer limit, with increased Heisenberg
and off-diagonal exchange interactions, robustly reinforcing
the zigzag AFM state. This enhanced magnetism in the
2D limit contrasts with the conventional trend observed in
vdW magnets. Passivated flakes retain their Mott insulator
characteristic, whereas naturally carrier-doped flakes undergo
an insulator-to-metal transition. This electronic transition
is accompanied by an antiferromagnetic-to-ferromagnetic
transition. Hence, multilayer flakes show potential as low-
temperature spin devices. These findings open avenues for
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comprehending and harnessing 2D magnetism in non-vdW
correlated oxides and underscore the importance of experi-
mental assessment.
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