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The magnetic field response of the Mott-insulating honeycomb iridate Na2IrO3 is investigated using torque
magnetometry measurements in magnetic fields up to 60 tesla. A peak-dip structure is observed in the torque
response at magnetic fields corresponding to an energy scale close to the zigzag ordering (≈ 15K) tempera-
ture. Using exact diagonalization calculations, we show that such a distinctive signature in the torque response
constrains the effective spin models for these classes of Kitaev materials to ones with dominant ferromagnetic
Kitaev interactions, while alternative models with dominant antiferromagnetic Kitaev interactions are excluded.
We further show that at high magnetic fields, long range spin correlation functions decay rapidly, pointing to
a transition to a long-sought-after field-induced quantum spin liquid beyond the peak-dip structure, suggesting
this to be a common feature of the family of Kitaev systems. Kitaev systems are thus revealed to be excel-
lent candidates for field-induced quantum spin liquids, similar physics having been suggested in another Kitaev
system α−RuCl3.

The alkali iridates A2IrO3(A=Na,Li), along with their
celebrated 4d analogue, α−RuCl3 [57–68, 70], have at-
tracted much theoretical [1–14, 47, 48, 50–53] and experi-
mental [15–25, 46] attention as promising candidates for re-
alizing the physics of the honeycomb Kitaev model [26, 27].
Interactions between the effective jeff = 1

2 pseudospins
on every site of the two-dimensional hexagonal lattice in
these strongly spin-orbit coupled materials, have been de-
scribed by a dominant Kitaev and other subdominant inter-
actions such as Heisenberg [28] and symmetric off-diagonal
exchange [5, 18, 22, 28–30]. Notwithstanding the great
progress made, the sign of the dominant Kitaev interaction
remains a question of vital importance in ascertaining the
correct physics in this class of materials [3, 4, 13, 43, 44].
The importance of the magnetic field response in determin-
ing the same has been emphasized in multiple studies re-
cently [31, 32], and it has, indeed, been used to experi-
mentally investigate the Kitaev material α−RuCl3 [38]. Yet
high magnetic field studies has thus far been impracticable
in Na2IrO3 because of the evidently higher energy scales in-
volved. Here, we probe the physics of Na2IrO3 by using
a combination of magnetometry studies in very high mag-
netic fields up to 60 T, and exact diagonalization calcula-
tions. We find a distinctive peak-dip structure in the exper-
imental magnetic torque response at high magnetic fields,
which we use to constrain the model description of Na2IrO3.
By comparison with results of exact diagonalisation calcu-
lations, we show that the nonmonotonic signature we find
in magnetic torque measurements is uniquely captured by a

model with a dominant ferromagnetic Kitaev exchange, but
not one with an antiferromagnetic Kitaev counterpart. Cru-
cially, instead of a stable zigzag ground state, expected over
a wide region of phase space for a model with dominant an-
tiferromagnetic Kitaev exchange [13, 30], we find a finely-
tuned zigzag ground state in the model with a dominant fer-
romagnetic Kitaev exchange [2–4, 15] to be of relevance to
Na2IrO3. We find this zigzag ground state to give way to a
quantum spin liquid state by magnetic field tuning beyond
the peak-dip feature. Intriguingly, a similar peak-dip struc-
ture in the anisotropic magnetisation was also observed in
α−RuCl3, but no explanation for this feature has yet been
found using theoretical calculations [38, 45]. Here we show
the likely universality of such a peak-dip signature in mag-
netic torque, as a signature of the field-induced quantum spin
liquid (also revealed in the Kitaev system α−RuCl3 at lower
energy scales [54–56]), thus placing in a new light the rele-
vance of Kitaev materials in realising the long-sought-after
quantum spin liquid ground state.

Na2IrO3 is a layered Mott insulator with an energy gap
Eg = 340 meV [20] and spin-orbit coupling λ ≈ 0.5 eV [6].
The magnetic susceptibility follows a Curie-Weiss law at
high temperatures with θCW ≈ −116 K and an effective
Ir moment µeff = 1.82µB [16–18]. The frustrating effects
of strong Kitaev correlations cause the suppression of long
range order in this material to a Néel temperature (TN ≈ 15
K) far below the Curie temperature [19]. Neutron and X-
ray diffraction [16], inelastic neutron scattering(INS) [17]
and resonant inelastic X-ray scattering(RIXS) [24] measure-
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ments reveal the low temperature ordered phase to be an
antiferromagnetic zigzag phase with an ordered moment
µord ≈ 0.2µB [16–18]. The parameter space for these cou-
plings for Na2IrO3 has thus far been constrained using ab-
initio computations [3, 7, 10, 11], numerical techniques such
as exact diagonalization [5, 13, 30, 33], classical Monte
Carlo simulations [4, 8], and degenerate perturbation the-
ory [1, 2, 5, 13, 30], as well as experimental investiga-
tion [17]. Based on such phenomenological justification, the
simplest model arrived at is a nearest-neighbor model with
a dominant antiferromagnetic Kitaev [13, 30] and a smaller
ferromagnetic Heisenberg exchange. In subsequent calcu-
lations we refer to this model with dominant antiferromag-
netic Kitaev exchange as Model A. A different model with
a dominant ferromagnetic Kitaev and smaller antiferromag-

netic Heisenberg exchange is however suggested by quantum
chemistry [3] and other ab-initio calculations [7, 10, 11]. In
order to stabilize a zigzag phase within such a model, further
neighbor couplings [2–4, 11, 15] are included in a model we
refer to as Model B, or additional anisotropic interactions [7]
are included in a model we refer to as Model C. Here we
distinguish between these categories of models with either
dominant antiferromagnetic Kitaev, or dominant ferromag-
netic Kitaev interactions, by performing measurements of the
finite magnetic-field response of Na2IrO3 and comparing our
results with exact diagonalization simulations.

A single crystal of Na2IrO3, of dimension ≈ 100 µm on
a side, with a much smaller thickness, was mounted on a
piezoresistive cantilever and measured on an in-situ rotat-
ing stage in pulsed magnetic fields up to 60 T. The torque
response(τ ) was measured as a function of the magnetic field
at various fixed angles (0◦ . θ . 90◦) of the crystalline axis
normal to the honeycomb lattice, with respect to the mag-
netic field axis. A distinctive non-monotonic feature is ob-
served in the magnetic torque response (Fig. 1). A peak in
the magnetic torque in the vicinity of 30-40 T is followed by
a dip in the vicinity of 45-55 T. The peak and dip features
are separated by as much as ≈15 T near θ ≈ 45◦ − 55◦,
but draw closer together at angles closer to θ ≈ 0◦ and
θ ≈ 90◦. In the vicinity of θ ≈ 0◦ and θ ≈ 90◦, the
peak and dip features are seen to merge into a single plateau-
like feature. This evolution of the signature peak-dip feature
as a function of field-inclination angle and magnetic field
is shown in Fig. 2 for two different azimuthal orientations
(φ = 0◦, 90◦), where φ is the angle that the crystallographic
a axis makes with the axis of rotation of the cantilever. The
high magnetic field torque response of Na2IrO3 was inde-
pendently measured for two crystals, for three different az-
imuthal orientations (φ = 0◦, 90◦and 180◦), at a tempera-
ture of 1.8 K and results for both were found to be very simi-
lar [69]. The signature peak-dip feature is found to disappear
above the zigzag ordering temperature [69]. Meanwhile, the
isotropic magnetization(mZ) measured using an extraction
magnetometer in pulsed magnetic fields up to 60 T, and a
force magnetometer in steady fields up to 30 T [34], is found
to be largely featureless and to increase linearly with mag-

Figure 1. Magnetic torque (τ ) measured as a function of magnetic
field for different polar angular orientations (θ) and azimuthal angle
φ = 90

◦. A peak dip structure is observed in the magnetic torque,
and is seen to evolve with θ. Individual torque curves have been
offset for clarity. (inset: a crystal on the cantilever with the various
coordinate systems: XY Z →lab frame, xyz →frame fixed to the
cantilever, so that X and x coincide. θ is the angle that the nor-
mal to the crystal makes with the magnetic field, and the measured
magnetic torque along the X-direction is referred to as τ .)

netic field up to 60 T [69].
We use theoretical modeling of the non-monotonic fea-

tures we observe in the high field torque response to dis-
tinguish between potential microscopic models. Our start-
ing point is the usual spin Hamiltonian [1, 13] with nearest-
neighbor Kitaev and Heisenberg interactions:

Jh
∑

<ij>

−→σi .
−→σj + JK

∑

<ij>

σ
γ
i σ

γ
j (1)

where γ = x, y, z labels an axis in spin space and a bond
direction of the honeycomb lattice, and the Hamiltonian is
expressed in terms of Pauli matrices −→σi . Model A with dom-
inant antiferromagnetic Kitaev interactions is parametrised
by nearest-neighbour interactions Jh < 0 and JK > 0.
In Model B, further neighbor antiferromagnetic Heisenberg
couplings J2 and J3 [2] are introduced up to the third near-
est neighbor, with Jh > 0 and JK < 0. In Model C, bond-
dependent nearest-neighbor symmetric off-diagonal terms

H
(γ)
od = Γ

∑
α6=β 6=γ

∑
{i,j}(σ

α
i σ

β
j + σ

β
i σ

α
j ) (where α and β

are the two remaining directions apart from the Kitaev bond
direction γ) [30] and H ′

od = Γ′
∑

α6=β 6=γ

∑
{i,j}(σ

β
i σ

γ
j +

σ
γ
i σ

β
j + σα

i σ
γ
j + σ

γ
i σ

α
j ) [5] accounting for trigonal distor-

tions of the oxygen octahedra, are introduced. The main pa-
rameters of these models are summarized in Table I.
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Figure 2. Derivative of experimentally measured magnetic torque

with respect to magnetic field
(

dτ
dH

)

as a function of magnetic field

and angle (θ) for φ = 90
◦ (Top) and φ = 0

◦ (Bottom) . The
position of the maxima in the torque is indicated by regular triangles
while that of the subsequent minima is marked by inverted triangles.

For our calculations, we use a hexagonal 24-site clus-
ter [1, 5, 13, 30] with periodic boundary conditions. The ef-
fect of the applied magnetic field

−→
H = Hẑ (in the lab frame)

on the system is described by Hmag = ( g2 )
∑

i

∑
γ hγσ

γ
i ,

with g ≈ 1.78 [13] being the Lande g-factor, assumed to
be a constant, and

−→
h = (hx, hy, hz) being the field as ex-

pressed in the crystal octahedron frame. Exact diagonaliza-
tion calculations for the ground state energy and eigenvector
are performed using a Modified Lanczos algorithm [35]. The
code was benchmarked by reproducing the results in [13].
The chosen parameters are further verified to be consistent
with the zigzag ground state of Na2IrO3 by calculating the

structure factors S(
−→
Q) [5, 30, 31, 36] for zigzag, stripy, fer-

romagnetic and antiferromagnetic ground states [69].

The calculated magnetic torque responses for the different
models are shown in Figures 3 and 4. We find the peak-
dip feature in the magnetic torque response to be reproduced
only by models with dominant ferromagnetic Kitaev inter-
actions (i.e. Models B & C), whereas models with dom-
inant antiferromagnetic Kitaev interactions (i.e. Model A)
display instead a monotonic increase in the magnetic torque
with magnetic field. We have performed exact diagonaliza-
tion simulations for magnetic fields up to 300 T for Model A

Model Jh JK J2 J3 Γ Γ
′

Antiferromagnetic Kitaev (Model A) - + × × × ×

Ferromagnetic Kitaev (Model B) + - + + × ×

Ferromagnetic Kitaev (Model C) + - × × + -

Table I. Models considered for exact diagonalisation calculations,
where Jh refers to the nearest-neighbor Heisenberg interaction, JK

refers to the Kitaev interaction, J2 and J3 refer to further-neighbor
Heisenberg terms, and Γ and Γ

′ refer to symmetric off-diagonal
exchange interactions.
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Figure 3. Magnetic torque as a function of magnetic field (in
µB tesla per site) for Model B (denoted by τB) with parameters
Jh = 3.6, JK = −30.0 (in meV) for antiferromagnetic Heisenberg
and dominant ferromagnetic Kitaev correlations,corresponding to
the orientation θ = 42

◦, φ = 0
◦. In this case, further neighbor

interactions J2 = 0.6, J3 = 1.8 (in meV) are necessary to stabilize
a zigzag ground state. The experimental data (solid line) for this
orientation is plotted along with the torque response (dashed line)
calculated for this model for comparison.

(for the parameters used in Fig. 4), and found a single peak
in the magnetic torque response at a magnetic field slightly
lower than 150 T, beyond which the torque decreases with in-
crease in field strength and no further features are observed.
We have also considered variants of Model A with isotropic
J2 and J3 as well as anisotropic Γ and Γ′ terms, and have
confirmed that this model does not give a peak-dip feature in
its torque response, even with such additional terms present
(please refer to Table I in the SI [69] for a summary of the
different variants considered, and the corresponding torque
curves).

Our results strongly indicate that Na2IrO3 is described by
a model dominated by ferromagnetic Kitaev exchange. The
distinctive peak-dip feature in the torque response thus pro-
vides an independent handle for constraining experimental
data. We note that classical Monte Carlo simulations were
unable to reproduce the peak-dip feature, underlining the im-
portance of quantum effects in this material, as has also been
emphasized in the recent literature [32]. Of the two types
of ferromagnetic Kitaev exchange models we consider,in
Model B, the peak-dip feature is observed over a large pa-
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Figure 4. Magnetic torque calculated as a function of magnetic field
(in µB tesla per site) for Model A (denoted by τA) with parameters
Jh = −4.0, JK = 21.0 (in meV) for ferromagnetic Heisenberg
and dominant antiferromagnetic Kitaev interactions, correspond-
ing to the orientation θ = 36

◦, φ = 0
◦, and for Model C (de-

noted by τC ) with parameters Jh = 4.0, JK = −16.0, Γ = 2.4,
Γ
′
= −3.2 (in meV) for antiferromagnetic Heisenberg and domi-

nant ferromagnetic Kitaev exchange, corresponding to the same ori-
entation. In Model A (dashed line) characterized by a stable zigzag
phase [3, 15], no peak-dip feature appears, unlike experimental
observations. In contrast, in Model C (solid line), where a fine-
tuned zigzag phase requires the introduction of nearest-neighbor
anisotropic terms Γ and Γ

′ [5], the magnetic field dependence of
magnetic torque shows a peak-dip feature corresponding with ex-
periment.

rameter range (in fact, larger than the space over which a
zigzag ground state is seen), while in Model C, the peak-dip
feature only appears upon inclusion of a significant Γ′ < 0
term, which physically is associated with trigonal distortion
in Na2IrO3. The inclusion of significant anisotropy terms
in Model B does not yield additional peak-dip features, with
the peak-dip surviving only for relatively small values of ad-
ditional anisotropic interactions. Models B and C can thus
potentially be distinguished by high magnetic field torque
magnetometry measurements on chemically doped Na2IrO3

with various extents of trigonal distortion, which should have
an observable effect on the peak-dip feature.

We compute the evolution of the spin correlation functions
with distance for increasing magnetic field values. The ex-
tent of decay of the correlation functions with distance re-
veals the presence or absence of long range correlations in
the high field regime. The correlation functions Cij =<

(−→σi− < −→σi >).(−→σj− < −→σj >) > are calculated for a cho-
sen set of neighboring sites in the 24-site cluster, and plot-
ted in Fig. 5 as a function of |i−j|

a
(a being the distance be-

tween nearest neighbor sites) for different values of the ap-
plied magnetic field. We find that the decay of the correlation
functions Cij as a function of |i−j|

a
is much faster at rela-

tively higher values of the applied field, and the amplitude
of the oscillation of the correlation functions falls off rapidly
with increasing fields, in particular above the zigzag order-
ing scale. Furthermore, structure factor calculations do not
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Figure 5. The correlation functions Cij calculated as a function
of |i−j|

a
, a being the distance between two neighboring sites, with

parameters Jh = 4.0, JK = −16.0, Γ = 2.4, Γ′
= −3.2 (in

meV), for an orientation of θ = 36
◦, φ = 0

◦. The inset shows
the corresponding plots for a pure Heisenberg model with Jh =

16.0 meV(blue) and for a pure Kitaev model with JK = −16.0

meV(red). It can be clearly seen that for higher fields(>35 T), the
correlation functions fall rapidly with distance and behave more and
more like those of a pure Kitaev model, characterised by a spin
liquid ground state.

show a crossover from antiferromagnetic zigzag order to any
of the known ordered states at the position of the metamag-
netic transition manifested through the peak-dip in the trans-
verse magnetization. Indications therefore are that the high
magnetic field regime beyond the peak-dip feature manifests
spin-liquid physics in Na2IrO3.

Intriguingly, excitations characteristic of a magnetic field-
induced spin liquid phase [31, 39–42] have also been re-
ported in the Kitaev system α−RuCl3. Our work sheds new
light on the universality of magnetic field-induced quantum
spin liquid physics in Kitaev systems, which we find to be
signalled by the peak dip structure in the anisotropic mag-
netisation at the zigzag ordering scale, also recently reported
in α−RuCl3 [38]. Recent calculations in α−RuCl3 [43, 44]
based on experimental measurements such as electron en-
ergy loss spectroscopy and thermal conductivity also favour
a dominant ferromagnetic Kitaev model. The striking simi-
larities between these two materials indicates that the experi-
mental features in the magnetoresponse and their theoretical
interpretation that we report here are governed by intrinsic
Kitaev physics, and are not peculiarities associated with pa-
rameters beyond the scope of our model such as interlayer
couplings and disorder characteristics, which are expected to
be very different for these two materials. The microscopic
models we calculate here are thus indicated to be relevant to
a broad class of spin-orbit coupled honeycomb Kitaev mate-
rials including α−RuCl3, which we find are excellent mod-
els to explore the long-sought-after field-induced spin liquid
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Figure 6. The figure shows a calculated contourplot of dτ
dH

in the
θ−H plane, for parameters Jh = 3.6, JK = −18.0, J2 = 2.4 and
J3 = 1.8 (in meV), i.e. Model B, corresponding to the azimuthal
angle φ = 20

◦. We find that the position of the peak-dip feature,
indicated by the regions where dτ

dH
changes sign, shifts closer to the

origin for increasing(decreasing) values of the polar angle θ for θ
close to 0

◦ (90◦), in agreement with the experimental results. At
the extreme values of θ, the width of the region of nonmonotonicity
increases, which is at variance with experiment. The torque values
obtained in our simulations can be negative, and in such cases we
plot − dτ

dH
instead.

phase.
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