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Anisotropic magnetic interactions in a
candidate Kitaev spin liquid close to a
metal-insulator transition
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Roser Valentí 3, Radu Coldea 1 & Amalia I. Coldea 1

In the Kitaev honeycomb model, spins coupled by strongly-frustrated anisotropic interactions do not
order at low temperature but instead form a quantum spin liquid with spin fractionalisation into
Majorana fermions and static fluxes. The realization of such amodel in crystallinematerials could lead
to major breakthroughs in understanding entangled quantum states, however achieving this in
practice is a very challenging task. The recently synthesized honeycombmaterial RuI3 shows no long-
range magnetic order down to the lowest probed temperatures and has been theoretically proposed
as a quantum spin liquid candidate material on the verge of an insulator to metal transition. Here we
report a comprehensive study of the magnetic anisotropy in un-twinned single crystals via torque
magnetometry and detect clear signatures of strongly anisotropic and frustrated magnetic
interactions. We attribute the development of sawtooth and six-fold torque signal to strongly
anisotropic, bond-dependent magnetic interactions by comparing to theoretical calculations. As a
function of magnetic field strength at low temperatures, torque shows an unusual non-parabolic
dependence suggestive of a proximity to a field-induced transition. Thus, RuI3, without signatures of
long-range magnetic order, displays key hallmarks of an exciting candidate for extended Kitaev
magnetism with enhanced quantum fluctuations.

The Kitaev model with bond-dependent Ising interactions on a two-
dimensional honeycomb lattice (see Fig. 1a) has an exactly solvable quan-
tum spin liquid ground state1–3. This can be intuitively thought of as a
quantum superposition of many classical configurations, having a third of
the bonds minimizing their energy by aligning the spins along their
respective Ising bond axis, with the rest of bonds gaining zero energy. In real
materials, achieving a pristine Kitaev ground state is challenging due to the
presence of both isotropic and anisotropic interactions that extend beyond
the bond-dependent Ising exchange. These additional interactions can give
rise to a variety of long-range ordered states or, intriguingly, different types
of quantum spin liquids4–7.

Among proposed potential Kitaev platforms8, α-RuCl3 with Ru3+

ions in a d5 electronic configuration and a rock-salt-related honeycomb
structure, has been intensively studied. Despite the fact that it orders
magnetically into a zigzag antiferromagnetic structure9 below 7 K, it
displays several features in the spin dynamics consistent with dominant
Kitaev interactions10,11. This compound is broadly described by the K �
J � Γ � Γ0 model for the effective spin-1/2 Ru3+ moments, where the

Kitaev interaction originates from chlorine-mediated exchange through
edge-shared octahedra arranged on a honeycomb lattice, see Fig. 1a. In
the presence of an external magnetic field, the magnetic order is sup-
pressed above 7–8 T and unusual magnetic excitations and thermal
transport have been reported. Some studies suggested a potential half-
integer quantized thermal Hall effect due to the possible existence of
chiral Majorana edge modes expected in the pure Kitaev model12,13,
whereas other studies emphasized the effects induced by structural layer
stacking faults14, topological magnons15 or phonons16.

Chemical pressure via isoelectronic substitution allows the exploration
of the magnetic phase diagram via tuning the magnetic interactions
(Fig. 1b). Isostructural RuBr3 shows onset of zigzag magnetic order at an
even higher temperature of 34 K than α-RuCl3

17, whereas no magnetic
transition was detected in RuI3 so far

18,19. Here we report torque measure-
ments on high-quality un-twinned single crystals of RuI3, which observe a
strong magnetic torque response attributed to the magnetism of localized
Ru3+ magnetic moments. Furthermore, the angular dependence of torque
formagnetic field in three orthogonal crystallographic planes provide direct
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evidence that themagnetic interactions are strongly anisotropic and highly-
frustrated. These findings establish that RuI3 is an exciting candidate to
realize unconventional cooperativemagnetism in the absence of long-range
order and on the border of a metal-insulator transition.

Results and discussion
We begin by characterizing the angular-dependent torque measurements
for different rotation planes as a function of increasing magnetic field
strength at two fixed temperatures, as shown in Fig. 2. This is followed by a
detailed analysis of the temperature dependence of angular variations in a
fixed 10 T field for different rotations, presented in Fig. 3, and compared
with theoretical calculations.

Magneticanisotropy in theplanenormal to thehoneycomb layers
At high temperatures (150 K) the angular dependence of torque in the ac
plane normal to the honeycomb layers (Fig. 2d) is well-described by a
functional form τðθÞ ¼ A2 sin 2ðθ � θ2Þ, where θ2 is a small angular offset
from theH ∥ c orientation. The negative torque gradient forH ∥ c indicates
that this orientation is the stable equilibrium in this plane, i.e. the suscept-
ibilities order is χc > χa. Very similar behaviour is observed in torque mea-
surements for magnetic field in the b*c plane (Fig. 2b) as shown in Fig. 2e.
These results imply that the g-tensor is easy-axis (gc > gab), assuming that at
high temperature the susceptibility anisotropy primarily originates from the
local physics of the g-tensor, as interactionshaveonly subleading effects. The
g-factor is independent of orientation in the ab plane due to the �3 point
group symmetry at theRu sites. Fig. 3a shows that there aremajor changes in

the torque sign and shape as a function of temperature.The amplitude of the
signal decreases upon cooling from 150 K (top curve), passes through zero,
then changes sign at T*≃ 95 K and increases again in magnitude upon
further cooling. The torque sign change indicates that the stable equilibrium
changes fromH∥c for T > T* toH∥a for lower temperatures. A sign change
in torque at the same temperature is also observed by measurements in the
b*c plane (see also Supplementary Fig. 3 for sample S1 and Supplementary
Fig. 8 for sample S2 for two orientations). The observed sign change is
attributed to the presence of anisotropic exchange interactions that favour a
larger susceptibility formagnetic field applied in the ab plane, parallel to the
honeycomb layer (χab > χc). The effects of the interactions is expected to
become progressively more important upon cooling (Fig. 3b), and T*

represents the temperature where anisotropy effects from the g-tensor and
the interactions balance out (Fig. 3g). A sign change in torque as a function
of temperature has also been observed in γ-Li2IrO3 and attributed to Kitaev
interactions20.

Below 30 K, the angular dependence of the torque for field in the ac
plane becomes progressively non-sinusoidal, as shown in Fig. 3(b). The
gradual development upon cooling of a non-sinusoidal, saw-tooth shape
can be approximately parameterized by allowing a finite higher Fourier
component A4 sin 4ðθ � θ4Þ (Fig. 3g) or a direct fitting to an empirical
expression (described in Methods) using a saw-tooth amplitude, A0, and
parameter γ. Thus, the development of a saw-tooth shape upon cooling, is
illustrated by the rapid increase in the ratio A4/A2, plotted in Fig. 3h (filled
circles), or the increase in the γ parameter, shown in shown Supplementary
Fig. 4f. We note that a similar saw-tooth torque shape, having the largest
susceptibility for field in-plane, was also observed in α-RuCl3

21,22. This has
been attributed to an easy-plane magnetic anisotropy originating from an
easy-plane g-tensor in combination with symmetric off-diagonal Γ > 0
exchange23. Despite of the observed changes in the shape of the torque
signal, the temperature dependence of the different amplitudes do not show
any anomalies and have broadly Curie-Weiss dependencies (see Fig. 3g and
Supplementary Fig. 4). This confirms that RuI3 does not show any sig-
natures of long-range magnetic order, in agreement with susceptibility
data19.

Magnetic anisotropy within the honeycomb ab plane
Themagnetic anisotropy in the ab plane (Fig. 2c, f, i, and Fig. 3c, d) is much
more challenging to probe as the torque signal is about 200 times smaller
than that inducedby the anisotropy between this plane and the c-axis. Thus,
extracting the intrinsic in-plane anisotropy requires careful parameteriza-
tion of other small contributions such as the finite sample weight and any
small misalignment between the c-axis and the rotation axis (see Supple-
mentary Fig. 3 for sample S1 and Supplementary Fig. 8 for sample S2).
Fig. 3c shows the presence of a τ6 ¼ A6 sin 6ðϕ� ϕ6Þ torque component, in
addition to the A1 and A2,4 components attributed to the sample finite
weight and out-of-plane axismisalignment, respectively. As expected for an
admixed out-of-plane anisotropy component, A2 changes sign at the
crossing temperature T*, as shown in Fig. 3g. The resulting in-plane torque
signal after subtracting the non-intrinsic A1,2,4 contributions is shown in
Fig. 3d and reveals a six-fold modulated signal with an amplitude that
decreases rapidly upon heating and disappears above 20 K, as summarized
in Fig. 3h.

A six-fold modulated torque in the ab plane is generically expected
based on the crystal structure symmetry (�3 point group combined with
time-reversal symmetry). The stable in-plane orientation deduced from
Fig. 3d corresponds to a magnetic field close to the b*-axis (the direction of
Ru–Ru bonds), consistent with measurements on another sample S2 (see
Supplementary Fig. 8l). A single honeycomb layer has perpendicularmirror
planes (the ac plane and three-fold rotated versions, as shown in Fig. 1a),
which constrain the free energy to have minima or maxima for an in-plane
magneticfield either parallel or perpendicular to aRu–Rubond. The vertical
stacking of layers in the R�3 structure (see Supplementary Fig. 2a) breaks
those mirror planes, in principle lifting any restrictions on the in-plane
equilibrium orientations. However, if inter-layer interactions are relatively
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Fig. 1 | Crystal structure and phase diagram of RuX3 halides. a Projection of a
honeycomb layer of edge-sharing RuX6 octahedra on the ab plane (at z = 0)with axes
orientation in the hexagonal setting for the R3 (No. 148) space group19. Solid black
rhombus outlines the hexagonal unit cell with the b* axis along a Ru-Ru bond. The
different colours of the Ru-Ru bonds indicate the Ising character of the interactions
in a pure Kitaev model. b Summary of the magnetic ground state of RuX3 halides
with X = Cl, Br and Iwith increasing unit cell volume indicating the low temperature
zigzag antiferromagnetic order for X = Cl and Br, and proposed quantum spin liquid
(QSL) for X = I, respectively. cA single crystal of RuI3mounted on a piezocantilever.
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much smaller than intra-layer, one would expect the stable equilibrium
directions to still be close to those of isolated layers, consistent with the
present measurements.

The in-plane torque signal cannot arise from single-ion effects, as Ru3+

(4d5) is a Kramers ion with an effective spin-12 ground state doublet that can
have no local anisotropy, so the observed signal must be due to the coop-
erative effect of anisotropic spin interactions. A six-fold periodic torque was
observed in α-RuCl3

24 below the ordering transition temperature and
attributed to interactions that stabilize three-domain zigzag order. In the
present case there is, however, no long-range magnetic order, suggesting a
different mechanism for the observed effect.

Field-dependence of torque
At high temperature (150 K) the torque has a parabolic dependence as a
function of magnetic field strength, as expected for a paramagnet, and
shown in Fig. 4c. In contrast, at low temperatures the torque is distinctly
non-parabolic, as displayed in Fig. 4a, with a clear broad maximum in the
scaled torque τ/H versus H at a field H* shown in Fig. 4b. Previous field-
dependent torque measurements in the Kitaev material γ-Li2IrO3 also
observed a non-parabolic field dependencewith a clear kink in τ/H at a field
H* attributed to a phase transition between the low-field magnetically-

ordered phase and a high-field quantumparamagnet20,25. In the present case
there is no clear anomaly in the τ/H curve but only a broadmaximumatH*,
as the low-field region does not have long-range magnetic order. Thus, we
attribute the field H* to a crossover in behaviour when the field strength
matches a characteristic energy scale of interactions. Empirically, the
angular dependence ofH* can be described by a phenomenological form for
anisotropic systems, as detailed in Methods. This gives H�

c ¼ 11ð1Þ T and
H�

ab ¼ 4:0ð5Þ T, i.e. a field anisotropy factor α ¼ H�
c =H

�
ab ¼ 2:7ð5Þ, in

good agreement between different samples in the planes of rotation normal
to the honeycomb layers (see Supplementary Table 1 and Supplementary
Fig. 10). This field anisotropy factor is smaller than α ~ 10 observed in γ-
Li2IrO3

20. Interestingly, the saw-toothparameter, extracteddirectly from the
angular dependenceof Fig. 2g, showsa localmaximumaround12 T, close to
H�

c , further supporting the scale of the field-induced effects (see Supple-
mentary Fig. 5f for S1 and Supplementary Fig. 7f for S2).

Anisotropic exchange interactions
To understand the observed torque behaviour we consider an effective spin-12
extended Kitaev Hamiltonian on the honeycomb lattice with the symmetry-
allowed terms as given by the crystal structure of RuI3. Here, previous ab-
initio studies26 predicted dominant bond-dependent anisotropic interactions
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Fig. 2 | Angular dependence of torque for magnetic field orientation in three
orthogonal crystallographic planes, at different fixed temperatures and various
magnetic field strengths. a–c Schematic diagram of the hexagonally-shaped sam-
ples mounted on the piezocantilever in three orientations. Axes labels are with
reference to the crystal structure illustrated in Fig. 1a. The light blue disk shows the
plane in which the magnetic field orientation changes relative to the crystal axes,

wherein (a, b) θ = 0° is close to H ∥ −c and in (c) ϕ = 17° is close to H ∥ a*. (d–i)
Angular dependence of torque for fixed field strength increasing from bottom (0 T)
to top (16 T), with curves offset vertically for clarity and colour-coded in the right-
hand colorbars. Top axes labels and vertical dashed lines indicate when the field
direction is close to reference crystal axes in the rotation plane. Middle row shows
data at high temperature (150 K) and the bottom row at base temperature (2 or 3 K).
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up to third nearest-neighbour and a strongly suppressed conventional Hei-
senberg exchange, suggesting a quantum spin liquid ground state. Torque
calculations using the orthogonalized finite-temperature Lanczos method27

on the full ab-initio model of ref. 26 (see Supplementary Note 1), capture the
torque’s six-fold anisotropy for in-plane orientations, and, for out-of-plane-
orientation, the saw-tooth shaped torque at low temperatures and a sign-
reversed sinusoidal torque at high temperatures. While these features agree
well with experiment, the absolute sign of torque for this model is opposite to
the one found experimentally. This overall sign difference can be accounted
for in an adjusted version of the ab-initio parameters, in which in- and out-of-
plane g-values are reversed, and the longer-range anisotropic coupling Γ02 is
increased by 2meV (Supplementary Note 1), compensating representatively
for the likely underestimated longer-range couplings in the methodology of
ref. 26. Based on this model, the observed saw-tooth torque shape in RuI3 at
low temperature described earlier can be attributed to strong in-plane ani-
sotropy effects arising from the exchange interactions, which as confirmed by
the observed sign change in torque, overcome the opposite-sign g-tensor
anisotropy. For this adjusted model, not only the measured relative angle-

and temperature-dependence, but also the absolute sign of the torque is
reproduced, as shown in Fig. 3e for field in the plane normal to the hon-
eycomb layers and Fig. 3f for field in the honeycomb layers. Furthermore, the
susceptibility forH ∥ b* is larger than that forH ∥ c at low temperatures, with
a reversed order at high temperatures, as shown in Fig. 3i and deduced
experimentally from Fig. 3g. The experimentally-observed angle- and
temperature-dependent torque behaviour is therefore attributed to the pre-
sence of strongly anisotropic and long-range (up to the third nearest
neighbor) magnetic exchange interactions.

It is interesting to compare the observed torque behaviour in RuI3—
schematically summarized in Fig. 4e—to that experimentally found in
isostructral α-RuCl3

21,24,28 and theoretically discussed in ref. 23, which in
contrast to RuI3 showswell-established zigzag order at low temperatures. In
both materials, at low temperatures the torque for field rotated in the plane
normal to the honeycomb layers has two-fold periodicity and saw-tooth
shape (forα-RuCl3 only at rather highfields)with the stablefield orientation
in-plane23,28, suggesting that bond-dependent interactions in both cases
create easy-plane type anisotropy. The torque for in-plane rotated field
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displays six-fold periodicity with the stable field orientation near the Ru-Ru
bond direction in both cases, with a sinusoidal shape in RuI3, but pro-
nounced saw-tooth shape in α-RuCl3

24, whichmay be related to the fact that
RuI3 has only short-range correlations whereas α-RuCl3 has static long-
range order. In α-RuCl3 clear anomalies occur in the torque as a function of
increasing field when the zigzag order is suppressed (by in-plane magnetic
fields of 7–8 T)28. RuI3 shows no clear anomalies as a function of increasing
field strength for any orientation, but a broad maximum at an angle-
dependent field H*(θ) in the scaled torque τ(θ)/H as a function of field H,
which we attribute not to a phase transition, but to a crossover in behaviour
when the field strengthmatches a characteristic energy scale of interactions.

In contrast toα-RuCl3, which is located deep inside theMott insulating
regime, ARPESmeasurements of RuI3 show evidence of bands crossing the
Fermi level29, whereas transport and NMR data resemble those of a bad
metal18,19. RIXS data showevidence for proximity to a bandwidth-controlled
metal-to-insulator transition30, also supported by ab initio calculations26,31.
The present observation of a strong angular dependence of the magnetic
torque, in turn, implies a highly-structured angular dependence of the
magnetic free energy, which is difficult to explain in a conventional metallic
picture. Instead, this behaviour arises naturally as a result of strongly ani-
sotropic bond-dependent magnetic interactions between spin-orbit entan-
gled jeff = 1/2 localized Ru3+ magnetic moments described by extended
Kitaevmodels. The contribution of the localizedmoments would overcome

any itinerant component, like in other dual component system such as 2H-
AgNiO2

32, and further studies of quantum oscillations in high-magnetic
fields would be required to identify any Fermi surface contribution.
Therefore, RuI3 emerges as an exciting candidate Kitaev material where the
close proximity to an insulator to metal transition generates substantial
longer-range frustrated magnetic interactions and enhanced fluctuations
that could stabilize unconventional cooperative magnetism. Our findings
open a new direction of probing and understanding magnetism in corre-
lated systems on the verge of an insulator-to-metal transition.

Methods
Structural characterization of samples
Torque measurements were performed on several hexagonal-shaped single
crystals of RuI3 of typical diameter 100 μm and thickness 50 μm, isolated
froma polycrystalline batch, synthesized as reported in ref. 19. Single crystal
X-ray diffraction measurements performed using a Mo source SuperNova
diffractomer confirmed all selected sampleswereun-twinned single crystals,
with sharp Bragg peaks and no detectable diffuse scattering indicating
absence of stacking faults, and with an X-ray diffraction pattern that agreed
with the nominal rhombohedral R�3 crystal structure with a 3-layer ABC
stacking sequence proposed in ref. 19 (see Supplementary Fig. 2). We note
that a related polymorph of RuI3 with a 2-layer stacking sequence (P�31c
space group),was also reportedusing adifferent synthesis protocol18,30, those

Fig. 4 | Field dependence of torque. a The field
dependence of torque τ at 2 K is distinctly non-
parabolic with a clear local maximum at a fieldH* in
the scaled torque, τ/H versus H, in (b). In (a–c)
curves are colour-coded by the value of the field
orientation angle θ in the b*c plane. c Field depen-
dence of torque at 150 K shows a conventional
parabolic H2 dependence. d Angular dependence of
the localmaximum fieldH* for two different samples
(S1 and S2 from data shown in Supplementary Fig.
10). Solid lines reflect an angular dependence para-
meterization, as described in the text. e Schematic
representation of the changes in the torque as a
function of temperature for RuI3.
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two structures are easily distinguishable by X-ray studies and all samples in
the present study had the 3-layer R�3 structure. We label crystal axes in the
hexagonal setting and choose as reference reciprocally-orthogonal direc-
tions the in-planehexagonal a-axis, the in-plane b*-axis orthogonal toa, and
c-axis normal to the honeycomb layers, as illustrated in Fig. 1a.

Torque experiments
For the torquemeasurements each samplewasmountedon a SeikoPRC400
piezocantilever using vacuum grease. In an applied magnetic field H the
sample is subject to a torque τ = μ0m ×H, wherem is themagneticmoment
of the sample. The torque projection τonto the cantilever rotation axis tends
to bend the cantilever creating mechanical stress at its base, detected via a
voltage change in a Wheatstone bridge circuit. There is a linear relation
between the torque and the voltage change in the limit of small cantilever
deviations, which is the case for all measurements reported here, and the
torque detection sensitivity is of the order of 10−13 Nm. To obtain the
angular dependence of the torque, the cantilever platform was rotated a full
360° around a rotation axis normal to the (fixed) applied field direction as
illustrated in Fig. 2 (top row). The sample was mounted in three different
orientations in order to probe the torque for themagneticfield relative to the
crystallographic axes in three orthogonal planes ac, b*c (using θ angle) and
ab (using ϕ angle). Results are reproducible between all measured samples
andmost data presentedhere are for sample S1 (the results for sample S2 are
shown in Supplementary Figs. 2, 6–10). To ensure measurements are
quantitatively comparable between the three different sample orientations,
the sample was mounted in each case in approximately the same centre-of-
mass position relative to the cantilever. Measurements were performed
using a Quantum Design PPMS system in the temperature range from
300 K to 2 K and magnetic fields up to 16 T. Data were collected as angular
dependencies both for clockwise and anticlockwise directions at fixed field
(all plotted data are for the anticlockwise direction) and temperature, as well
as at base temperature for a set of selected fixed orientations as a function of
applied field strength. Angular dependencies of torque in zero field were
used to estimate the non-magnetic torque effect due to the finite sample
weight (see the lowest curves in Fig. 2f–i) and to set the absolute sign of the
torque using the convention described below.

Torque sign convention
Throughoutwe plot the torque projection τ onto the cantilever rotation axis
as the sample platform is rotated by a variable angle θ around this axis
oriented normal to the (fixed) appliedmagneticfield direction, with positive
sign for τ in the sense of increasing the rotation angle θ. τ is then equal to the
negative of the angular derivative of the free energy τ ¼ � ∂F

∂θ with stable
equilibrium (local minimum in the free energy F) at an angle θ0 corre-
sponding to torque passing through zero with a negative gradient, i.e.
τ(θ0) = 0 and ∂τ

∂θ∣θ¼θ0
<0, a restoring torque of the form τ(θ) =−k(θ− θ0)

with k > 0 for small deviations. Consequently, unstable equilibrium corre-
sponds to torque passing through zero with a positive gradient. Note that
this sign convention (negative angular derivative of the free energy) differs
from the one chosen in, e.g., refs. 23,24.

Torque angular dependence parameterisation
We parameterise the torque angular dependence using the Fourier
decomposition

τðθÞ ¼ τ1ðθ � θ1Þ þ
X

n¼2;4;6

τnðθ � θnÞ;

where the first term, τ1ðθÞ ¼ A1 cos θ, accounts for the effect of the sample
weight, with 360° periodicity and θ1 is a small experimental angular offset.
The rest of the terms, τnðθÞ ¼ An sin nθ, withn = 2, 4, 6 arise frommagnetic
anisotropy effects, An are the different Fourier amplitudes and θn are small
angular offsets. In zerofield only theweight effect, τ1, contributes to the total
torque. For magnetic field in the plane normal to the honeycomb layers we
assume τ6 = 0. For magnetic field in the ab plane the relevant rotation angle

is ϕ, instead of θ, and all above Fourier components are included, where τ2
and τ4 are attributed to the admixture of out-of-plane anisotropy due to a
smallmisalignment between the c-axis and the normal to the rotation plane,
and τ6 is the intrinsic in-plane six-fold component.

The sawtooth parameterisation of torque data
To characterize the non-sinusoidal, saw-tooth shape of the torque angular
dependence observed at low temperatures for field in the plane normal to
the honeycomb layers we also use the alternative parameterization by an
empirical saw-tooth form τðθÞ ¼ τ1ðθ � θ1Þ þ τ0ðθ � θ0Þ with the intrin-
sic term

τ0ðθÞ ¼ A0 1þ γ

2
sin 2θffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cos2θ þ γ2sin2θ
p ;

whereA0 is the intrinsic torque amplitude and the saw-tooth parameter γ is
the ratio of the absolute gradients when τ0 crosses zero with a positive/
negative gradient and θ0 is a small experimental angular offset. For an
intrinsic sinusoidal torque shape γ = 1, τ0ðθÞ ¼ τ2ðθÞ, A0 ¼ A2 and τ4 = 0.
An example of the fitting procedure is shown in Supplementary Fig. 11 and
the different extracted parameters are shown in Supplementary Figs. 4,
5, 7 and 9.

The angular dependence parameterisation of H*

We parameterise the angular dependence of H* using a phenomenological
form for anisotropic systems,

H� cosðθ � θ�Þ
H�

c

� �2

þ H� sinðθ � θ�Þ
H�

ab

� �2

¼ 1:

This enables to extract two characteristic fields, H�
c and H�

ab, and a field
anisotropy factor α ¼ H�

c =H
�
ab (θ* is an angular offset), as detailed in

Supplementary Table 1.

Theoretical calculations
To calculate torque and magnetic susceptibility for the considered
extended Kitaev model, we use both standard exact diagonalization for
ground state (T = 0) properties, and the orthogonalized finite-
temperature Lanczos method (OFTLM) introduced in ref. 27 for finite-
temperature (T > 0), both on a 24-site periodic cluster that represents all
point group symmetries of the lattice. Following the notation of ref. 27,
we employ for OFTLM Nv = 1 exact eigenstate, M = 80-dimensional
Krylov-subspaces, and at least R ≥ 20 sampling vectors per considered
Hamiltonian until the desired level of convergence is reached. To analyse
the latter, statistical errors were estimated using standard jackknife
resampling methods. For all plotted OFTLM results, the estimated
standard deviation of the results is smaller than the graphical width of the
plotted line (see Supplementary Fig. 1).

Data availability
All data are available in themanuscript or the supplementarymaterials. The
data that support the findings of this study are available through the open-
access data archive at the University of Oxford (ORA) at https://doi.org/10.
5287/ora-9gnxgnma5 Additional information about the data will be made
available from the corresponding author upon reasonable request.
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