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Anisotropy of the zigzag order in the Kitaev honeycomb magnet α-RuBr3
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Kitaev materials often order magnetically at low temperatures due to the presence of non-Kitaev interactions.
Torque magnetometry is a very sensitive technique for probing the magnetic anisotropy, which is critical in
understanding the magnetic ground state. In this paper, we report detailed single-crystal torque measurements
in the proposed Kitaev candidate honeycomb magnet α-RuBr3, which displays zigzag order below 34 K. Based
on angular-dependent torque studies in magnetic fields up to 16 T rotated in the plane normal to the honeycomb
layers, we find an easy-plane anisotropy with a temperature dependence of the torque amplitude following
closely the behavior of the powder magnetic susceptibility. The torque for the field rotated in the honeycomb
plane has a clear sixfold periodicity with a sawtooth shape, reflecting the threefold symmetry of the crystal
structure and stabilization of different zigzag domains depending on the field orientation, with a torque amplitude
that follows an order parameter form inside the zigzag phase. By comparing experimental data with theoretical
calculations we highlight the importance of relevant anisotropic interactions and the role of the competition
between different zigzag domains in this candidate Kitaev magnet.
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I. INTRODUCTION

The Kitaev model consisting of Jeff = 1
2 effective moments

interacting via bond-dependent Ising exchange in a two-
dimensional honeycomb lattice [1] has garnered significant
attention in quantum magnetism [2–5] due to its unique
properties of an exactly solvable quantum spin-liquid ground
state and fractionalized excitations. The RuX3 family (X = Cl,
Br, I), consisting of honeycomb lattices of edge-sharing RuX6

octahedra [see Figs. 1(a) and 1(c)], has been proposed as an
ideal family for exploring the relevance of Kitaev interactions
[6–11]. The ruthenium-based trihalide, α-RuCl3, is a Mott
insulator with dominant ferromagnetic Kitaev interactions,
however, finite Heisenberg and off-diagonal terms are
responsible for the presence of antiferromagnetic zigzag
order below ≈7 K. Replacing Cl with a heavier halogen, such
as Br, was suggested as a way to approach the Kitaev limit
since the size of Br weakens the direct Ru d-d hybridization
[7] and suppresses non-Kitaev exchange terms (such as
Heisenberg and off-diagonal symmetric exchange). However,
it was found experimentally that the zigzag order in α-RuBr3

[illustrated in Fig. 1(c)] is even more stable than in α-RuCl3

with TN ≈ 34 K [7], as confirmed by muon spin rotation [12]
and Raman spectroscopy studies, which indicated enhanced
p-d hybridization [9].
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Theoretically, a first principles-based analysis of the
exchange interactions in α-RuBr3 [8] suggested that the pres-
ence of non-Kitaev exchange interactions due to enhanced
p-d hybridization and a complex interplay of magnetic ion
and ligand spin-orbit coupling effects promote long-range
zigzag magnetic order. Furthermore, it was found that mod-
erate pressures increase the stability of the zigzag order and
this was attributed to enhanced third-nearest-neighbor Heisen-
berg interactions and interlayer couplings [11]. Despite these
advances, a complete picture on the nature of the exchange in-
teractions that stabilize the magnetic order in Kitaev candidate
systems is still missing.

To address this, the recent synthesis of crystals of α-RuBr3

[10] has opened up new opportunities to study its magnetic
behavior and probe the anisotropic interactions. In this paper,
we report a detailed torque magnetometry study, as a func-
tion of temperature and field strength and orientation in two
orthogonal crystallographic planes, on micron-sized α-RuBr3

crystals. Field rotation in the plane normal to the honeycomb
layers [Fig. 2(a)] identifies that the largest magnetic suscep-
tibility occurs for a field parallel to the honeycomb plane,
hosting dominant ferromagnetic interactions with a torque
amplitude that follows the temperature dependence of the
magnetic susceptibility. On the other hand, field rotation in the
honeycomb layers [Fig. 2(b)] reveals a clear sixfold sawtooth
torque signal, with an amplitude that has an order parameter
behavior below TN. By comparing to theoretical calculations
on ab initio-based extended Kitaev models, we identify this
sixfold torque signal to originate from the selection of dif-
ferent zigzag magnetic domains while the sample is rotating
in the magnetic field. Furthermore, the observed easy-plane
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FIG. 1. Magnetic structure of α-RuBr3. (a) Crystallographic unit
cell (space group R3̄ in hexagonal setting) where local Ru3+ mo-
ments reside inside a network of edge-sharing RuBr6 octahedra.
(b) Sample S1 placed on a piezocantilever for torque measurements
in the b∗c plane. (c) Collinear antiferromagnetic zigzag order in
a honeycomb layer showing oppositely aligned moments (red and
blue arrows) canted away from the honeycomb plane by an angle
θM, as defined in (d). Diagram in (c) represent a magnetic domain
with propagation vector (0, 1/2, 0); symmetry-equivalent domains
are obtained by ±120◦ rotation around the c axis. Dashed lines in
the top left hexagon indicate the exchange paths for J3, essential to
stabilize this order. Color coding of bonds indicates the XYZ Ising
exchange character for an ideal Kitaev model. (d) Canting of the
moments out of the honeycomb plane by an angle θM (reported to
be in the range 32◦ [8] to 64◦ [7]) for the magnetic structure in (c).

anisotropy is attributed to off-diagonal exchange terms as well
as the g-tensor anisotropy.

II. EXPERIMENTAL DETAILS

α-RuBr3 crystals of diameter less than 50 µm were syn-
thesized using a high-pressure technique [10]. Samples were
screened via single-crystal x-ray diffraction, which confirmed
the BiI3-type structure [7], with an R3̄ space group (No.
148) [see Fig. S2 in the Supplemental Material (SM) [13]].
Angle-dependent torque measurements were performed on
two high-quality samples (S1 and S2) mounted onto piezo-
cantilevers on a cryogenic rotator and cooled down to 2 K
using a 16-T Quantum Design physical property measurement
system (PPMS). The sample platforms were rotated such as
to probe the torque for a magnetic field in two orthogonal
crystallographic planes. Constant-temperature studies were
carried out at 2 and 150 K while constant-field studies were
performed at 10 T.

III. RESULTS

The angular dependence of the measured torque τ for the
magnetic field rotated in a plane normal (H ‖ b∗c) and parallel
to the honeycomb plane (H ‖ ab) is summarized in Figs. 2
and 3. The angular dependence is parametrized by the Fourier

(deg) (deg)

FIG. 2. Angular dependence of the magnetic torque in fields up
to 16 T. Diagrams of sample S1 mounted onto the cantilever in
H ‖ b∗c and H ‖ ab orientations are shown in (a) and (b), respec-
tively. θ and φ are the out-of-plane and in-plane angles, respectively,
between the cantilever normal and the fixed applied field direction.
The angular dependence of the torque for sample S1 in varying
magnetic fields up to 16 T is shown in (c)–(f). Measurements were
carried out at (c), (d) 150 K and (e), (f) 2 K, with the left and right
panels corresponding to H ‖ b∗c and H ‖ ab, respectively. Curves
are offset vertically for clarity. Vertical dashed lines indicate where
the magnetic field is close to certain crystallographic axes. Fourier
amplitudes as a function of H2 are plotted in (g) for the H ‖ b∗c
orientation. Twofold amplitudes (A2) at 2 and 150 K are represented
by solid and open triangles, respectively, while fourfold amplitudes
(A4) are represented by crosses. Dashed lines are linear fits to
the data points. (h) Phenomenological parameters of the sawtooth
model, A′ (stars) and γ (solid triangles), plotted against H2. The
dashed black line is a fit to the form A′ = A′

0(H − H0 )2, where
H0 = 3.5 T is attributed to a threshold field to overcome domain
pinning effects.
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FIG. 3. Temperature-dependent magnetic torque studies. (a), (b) Angular dependence of the magnetic torque for sample S1 measured at
constant temperatures between 2 and 250 K in a constant field of 10 T corresponding to H ‖ b∗c in (a) and H ‖ ab in (b). Constant-temperature
curves have been shifted vertically for clarity, with the bottom (top) curve in each panel representing data at 2 K (250 K). (c), (d) Fourier
amplitudes plotted against temperature, extracted from the data shown in (a) and (b). A2, A4, and A6 are represented by triangles, crosses, and
stars, respectively. Arrows indicate the sudden rise of A4 and A6 at TN, the zigzag transition temperature. (e) The temperature dependence of
the inverse twofold amplitude 1/A2 (normalized at 250 K) for samples S1 [solid triangles from (c)] and S2 [open triangles from Fig. S5(c)].
The dashed lines are Curie-Weiss fits to A2(T ) = A20 + C/(T − θCW) with parameters listed in Table S1 in the SM [13]. (f) Temperature
dependence of the phenomenological parameters A′ (stars) and γ (triangles), obtained from fitting a sawtooth model to the data in (b) below
TN. The dashed black line is an order parameter fit to A′ as described in the text. The solid line are guides to the eye to γ (right axis).

decomposition

τ (θ ) = A1 cos (θ − θ1) +
∑

n=2,4,6

An sin [n(θ − θn)],

where the first term accounts for the sample weight and the
following terms parametrize the magnetic torque. Here, θi

are angular offsets that account for a small misalignment. θ

is the rotation angle between the cantilever normal and the
fixed field direction; the rotation angle is denoted by φ for
a magnetic field rotated within the ab plane [see Figs. 2(a)
and 2(b)]. The amplitudes Ai are determined via fast Fourier
transform (FFT).

A. Field rotation in a plane normal
to the honeycomb layers [Fig. 2(a)]

Neutron powder diffraction studies on powders found that
α-RuBr3 develops zigzag magnetic order below TN ≈ 34 K
[7], as illustrated in Fig. 1(c). In the paramagnetic phase
above TN, we observe a torque signal of the form sin 2θ

for a magnetic field rotated in the b∗c plane, as evident in
Fig. 2(c). The magnetic torque gives the angular derivative
of the free energy τ = −∂F/∂θ such that positions of τ = 0
with negative gradient, ∂τ/∂θ < 0, reflect stable equilibria
close to in-plane directions [see Fig. 2(c) and Fig. S6(a) in the
SM [13]]. This infers that α-RuBr3 possesses an easy-plane
anisotropy, similar to α-RuCl3 [14,15].

The twofold torque component A2 is expected to be pro-
portional to the magnitude of the susceptibility anisotropy, in
this case τ ∼ (χab − χc). The field dependence of A2 at 2 and

150 K is well described by a parabolic H2 form above and
below TN, as one would expect from an induced magnetization
proportional to the applied field both in the paramagnetic
and ordered phases, as shown in Fig. 2(g). Interestingly, the
temperature dependence of A2 [see Fig. 3(c)] bears a strong
resemblance to the temperature dependence of the powder-
averaged susceptibility data (see Fig. S10 in the SM [13]),
where χavg exhibits a broad peak at around 60 K, attributed
to the development of antiferromagnetic correlations [7], fol-
lowed by a significant drop with maximal slope near TN [7,8].
A Curie-Weiss fit of the A2 amplitude (with an added offset
shown in Table S1 in the SM [13]) in Fig. 3(e) gives 	CW =
+45(4) and +59(6) K for samples S1 and S2, respectively,
indicating dominant ferromagnetic interactions in α-RuBr3,
in agreement with theoretical predictions [8].

On the other hand, in the zigzag phase below TN, the an-
gular dependence of τ develops a camel-hump-like feature, as
shown in Figs. 3(a) and 2(e). This feature can be parametrized
by the sudden appearance of a fourfold FFT component A4

below TN [see Fig. 3(c)] and it also follows a parabolic de-
pendence in magnetic field [see Fig. 2(g)]. Theoretically, a
fourfold component for the out-of-plane torque was assigned
to a weak cubic anisotropy via a quantum order-by-disorder
mechanism in α-RuCl3 [16]. However, a double-hump fea-
ture in sample S1 is only seen in the peaks of the torque
(θ ∼ 30◦, 210◦) and not the troughs, even up to 16 T as shown
in Fig. 2(e). Meanwhile, this feature for sample S2 occurs in
the troughs instead (see Fig. S6 in the SM [13]) and cooling
in magnetic field aligned along the honeycomb plane did not
affect its size or shape (see Fig. S7 in the SM [13]).
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FIG. 4. Theoretical modeling of torque in α-RuBr3. (a) Brillouin
zone and three (zero-field) zigzag domains. Solid (dashed) hexagon
at the left: Wave vectors within the third (first) Brillouin zone. Y ,
M, and M ′ are the zigzag wave vectors. (b), (c) Angular dependence
of the energy for different zigzag domains (allowing canting of the
moments) considering the classical zero-temperature approximation
for the two different rotation planes. The red line in (b) corre-
sponds to the field-polarized state. (d), (e) The resulting torque
based on minimum energy in (b), (c). (f), (g) Quantum results for
temperature-dependent Fourier amplitudes An of torque computed
via the orthogonalized finite-temperature Lanczos method (OFTLM)
on 24 sites. H ‖ b∗c shown in (b), (d) and H ‖ ab in (c), (e). The
vertical lines in (f) and (g) are guides to the eye for estimates of TN.

B. Field rotations in the honeycomb plane [Fig. 2(b)]

As the magnetic field is rotated in the honeycomb plane a
strong sixfold torque signal appears below TN [see Figs. 3(b)
and 3(d)], which we attribute to the ground state switching
between different zigzag magnetic domains upon field rota-
tion [see Fig. 4(a)]. The torque signal becomes increasingly
sawtoothlike at 2 K by increasing the applied field strength
[see Fig. 2(f)] but no other additional transitions are detected
up to 16 T. This is in contrast to α-RuCl3 where several qual-
itative changes occur due to in-plane field-induced transitions
[17]. Note that the torque signal above TN is much smaller in
magnitude than inside the zigzag phase (or compared with the
other orientation), induced by extrinsic effects due to a small
misalignment between the c axis and the sample platform
rotation axis, in addition to the sample weight (the A1 compo-
nent) [see Figs. 3(d) and 2(d)]. On the other hand, a residual

twofold periodicity in α-RuCl3 was associated to strain within
the crystal [17].

To parametrize the sixfold sawtooth shape of the torque
signal more precisely, we use a phenomenological form
τ (φ) = A′( γ+1

2 ) sin 6φ√
cos2 3φ+γ 2 sin2 3φ

where A′ is the torque am-

plitude and γ characterizes the sawtooth anisotropy (γ =
1 for a pure sinusoid). The temperature dependence of A′
acts as an order parameter for the paramagnetic to zigzag
order transition [see Fig. 3(f)] whereas γ varies between 1
and 2.4. The temperature dependence of A′ can be captured
well by a phenomenological form A′(T ) = A′

0[1 − (T/TN)α]β

with TN = 35.4(3) K, α = 2.9(2), and β = 1.1(1) for sam-
ple S1 and similarly for sample S2 (see Fig. S5 in the
SM [13]). Meanwhile, muon spin rotation studies suggest
that the internal magnetic field in α-RuBr3 characterizes a
three-dimensional system. Upon increasing magnetic field
at 2 K, A′ and γ grow quadratically, but τ is significantly
suppressed below 5 T, as shown in Fig. 2(h) (see also
Fig. S4 for S1 and Fig. S6 for S2 in the SM [13]). We
attribute this effect to magnetic domains being pinned be-
low a threshold applied in-plane field, H0, not being able
to switch between the three symmetry-equivalent domains
as the magnetic field is rotated, resulting in a suppressed
angular dependence of the free energy and a much reduced
torque signal.

IV. THEORETICAL CALCULATIONS

We compare the experimental torque data to calculations
in extended Kitaev models referred to as JK��′ models.
Here, we consider the nearest-neighbor couplings from the
ab initio study of Ref. [8]: K1 	 −4 meV for Kitaev ex-
change, J1 	 −2.9 meV for Heisenberg, and �1 	 2.8 meV,
�′

1 	 −0.5 meV for symmetric off-diagonal exchanges with
an easy-plane g tensor (gab = 2.32, gc = 1.88). In order to
capture the experimentally observed stability of the zigzag
phase against field and temperature, we adjust in our single-
layer calculations an effective J3 = 1.5 meV, which accounts
for larger longer-range interactions. This results in a model
for α-RuBr3 qualitatively similar to the related compound
α-RuCl3, except for the different longer-range interactions
[8,11]. This is contrast to RuI3, which does not display any
long-range order. This different behavior has been attributed
to significantly modified nearest-neighbor interactions (J1 and
�1) [8] as compared to α-RuCl3, as well as important second-
and third-neighbor anisotropic interactions, following recent
torque measurements [18].

Figure 4 shows the theoretical results of the described
model for α-RuBr3, featuring a comparison between the
classical zero-temperature results and finite-temperature ob-
servables using the orthogonalized finite-temperature Lanczos
method (OFTLM) [19] on a 24-site periodic cluster. The
zigzag order can occur in three symmetry-equivalent do-
mains illustrated in Fig. 4(a). The energy of each domain
is minimized when the applied field is parallel to the bond
that contains antiferromagnetically opposed magnetic mo-
ment directions, [see Figs. 4(b) and 4(c)], e.g., for the
domain with propagation vector Q = Y the energy is mini-
mized for H ‖ b∗. This yields for rotations in the ab plane
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[Fig. 4(c)] the sixfold periodic torque signal with stable equi-
librium positions when H ‖ b∗ and sixfold rotated directions,
with discontinuities in τ at angles where the energetically
favored domain switches, as shown in Fig. 4(e). These fea-
tures are in good agreement with the experimental data of
α-RuBr3 shown in Fig. 2(f) and were also discussed in the
case of α-RuCl3 [17].

On the other hand, when the field is rotated out of the
honeycomb ab plane towards c [see Fig. 4(b)], all domains
gain energy, which is a consequence of both the effective
easy-ab-plane exchange anisotropy created by a positive �1

exchange and the easy-plane g tensor of the model, similar
to α-RuCl3 [16]. Interestingly, upon rotating the magnetic
field from b∗ to c, the Q = Y domain is slightly undercut
in energy by another domain before all domains become de-
generate by symmetry when H ‖ c. This behavior produces
clear discontinuities in the classical calculation of τ shown in
Fig. 4(d) [20]. The measured τ is steepest for H ‖ c and has a
shoulderlike feature for θ ≈ 30◦, 210◦ [see Fig. 2(e)], which
could be a consequence of the domain switching effect. Given
that the energy differences between the three domains for
fields close to the c axis are smaller than that for fields along
different directions in the honeycomb ab plane [see Figs. 4(b)
and 4(c)], each sample will likely stabilize different domain
populations. Figure 4(b) shows how the energetically favor-
able domain changes with angle nonsmoothly while rotating
the field in the crystallographic b∗c plane, giving the angular
dependence of the torque a double-humped shape similar to
experiment, as shown in Fig. 4(d). While the employed JK��′

model is twofold symmetric around the b∗ axis, leading to
antisymmetric torque around this axis, the shoulders seen
in experiment do not follow this symmetry [see Fig. 2(e)].
Indeed, the lack of this symmetry is consistent with the ma-
terial’s R3̄ space group, and could possibly be captured in
models with interactions beyond JK��′ exchanges, which go
beyond the scope of this study. Note that, for rotations in the
ac plane, no twofold symmetry around a is present in JK��′

models, leading to a less symmetric torque for that rotation
plane also in our employed model [see Figs. S1(a), S1(d), and
S1(g) in SM [13]].

By performing finite-temperature quantum calculations,
we assess the temperature dependence of the Fourier ampli-
tudes of torque, as shown in Figs. 4(f) amd 4(g). We find
that A6 increases significantly inside the zigzag phase whereas
A2 develops a broad peak due to thermal and quantum fluc-
tuations, in good agreement with the experimental data in
Figs. 3(c) and 3(d). However, due to finite-size effects, the
thermal phase transitions are significantly washed out, as com-
pared with experiments.

V. CONCLUSION

We have studied in detail the magnetic anisotropy
of the candidate Kitaev magnet α-RuBr3 using torque
magnetometry and combined with calculations considering
the JK��′ model. Our studies clearly show that α-RuBr3 has
an easy-plane anisotropy and the temperature dependence of
the twofold amplitude follows closely the powder-averaged
magnetic susceptibility. In-plane rotations exhibit a sixfold
periodic sawtooth torque up to 16 T which reflect the
symmetry of the lattice, the domain formation, and the
strength of long-range interactions in this family of
compounds. α-RuBr3 is a model system with a robust
zigzag phase due to the interplay of Kitaev and significant
long-range interactions. Further studies in very high magnetic
fields are required to suppress the zigzag order in α-RuBr3
and stabilize other field-induced magnetic phases.

The data that support the findings of this study are available
through the open access data archive at the University of
Oxford (ORA) [21].
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