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Disorder-induced spin-cluster magnetism in a doped kagome spin liquid candidate
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The search for new quantum spin liquid materials relies on systems with strong frustration such as spins
on an ideal kagome lattice. However, lattice imperfections can have substantial effects which are as yet not
well understood. In recent work, the two-dimensional kagome system YCu3(OH)6[(ClxBr(1−x) )3−y(OH)y] has
emerged as a leading candidate hosting a Dirac spin liquid which appears to survive at least for x < 0.4,
associated with alternating-bond-hexagon (ABH) disorder. Here in magnetic samples with x = 0.58, y = 0.1 we
report unusual in-plane ferromagnetic canting (FM) of the in-plane antiferromagnet (AFM), with an unusually
wide regime of short-ranged order, and propose theoretical models to explain this behavior. First, we show that
Kitaev-type exchanges naturally arise on the kagome lattice to second order in the known Dzyaloshinskii-Moriya
exchanges, and that these interactions can produce the unusual in-plane FM canting from antichiral AFM.
Second, we propose a phenomenological model of weakly FM-canted spin clusters to describe the short-ranged
regime and analyze quantum fluctuations in an ABH toy model to show how ABH disorder can stabilize this
regime. The combination of experimental observation and theory suggests that kagome-Kitaev interactions and
ABH disorder are necessary for describing the magnetic fluctuations in this family of materials, with potential
implications for the proposed proximate spin liquid phase.
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I. INTRODUCTION

Recently a new class of quantum kagome antiferromagnet
(AFM) materials has been explored that minimize acciden-
tal substitutional disorder: YCu3(OH)6Cl3 [1–3]. Site mixing
of magnetic and nonmagnetic atoms is suppressed by their
large difference in ionic radii. Rather than the sought after
quantum spin liquid state this compound appears to harbor
a magnetic phase transition [4,5] into the antichiral ordered
AFM with 120◦ spin structure and negative vector chirality.
Since this system is well described by the two-dimensional
(2D) nearest-neighbor kagome AFM model (with Heisenberg
exchange of order 100 K) where no magnetic transition is
expected, the magnetic order is likely created by additional
out-of-plane Dzyaloshinskii-Moriya (DM) interaction [6–9].
A partial substitution of Cl by O, giving the compound
YCu3(OH)6OxCl(3−x) with x = 1/3, results in the absence of
static magnetic order [10]. However, it is not clear what is the
role of the O substitution, and in particular what is the correct
microscopic description of the system and the substitution-
induced disorder.

More recently a related family of compounds has been
discovered, and some members of the family are shown
not to order down to 50 mK. This family involves two
doping parameters. First, the Cl in the kagome compound
can be replaced by a combination of Br and OH [11–15],

resulting in YCu3(OH)6Br2[Br1−y(OH)y], which we will re-
fer to as YCOB. Second, YCOB is expanded into a family
of compounds via partial replacement of Br by Cl, leading
to YCu3(OH)6[(ClxBr(1−x) )3−y(OH)y], which we denote as
YCOB-Cl [16,17]. Extensive studies of the heat capacity C
and linear magnetic susceptibility χ in high quality single
crystals of this disordered system for low x show behavior
such as C/T with linear-T behavior at low T , that increases
in magnetic fields H with a linear-H term beyond a threshold
field, [14,18,19] consistent with a Dirac spin liquid [20,21].

These compounds are reported to host a special type of
disorder, where OH substitutes the Br sites randomly above
and below the kagome hexagons formed by Cu atoms [16,18].
This leads to alternating pattern of spin exchange interaction
strength around that hexagon, resulting in alternating-bond-
hexagon (ABH) defects. Similar kind of disorder is found
in the Y-kapellasite Y3Cu9(OH)19Cl8 [10,22,23]. It is not
clear how ABH disorder impacts the magnetic properties
of YCOB-Cl.

In this joint theory-experiment work we report on two
unusual magnetic features seen experimentally in magnetic
samples with x = 0.58, y = 0.1, and proceed to describe these
features using a combination of theoretical models. The two
puzzling features observed in experiment (Sec. II) are as
follows. First, single-crystal magnetization measurements
show magnetic anisotropy that points to weak in-plane
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ferromagnetism (FM) beyond the dominant in-plane antifer-
romagnetic order (AFM). This in-plane FM canting was not
previously reported. Such in-plane FM canting is impossible
to theoretically interpret using the usual kagome Heisenberg-
DM model and thus demands theoretical analysis. Second, the
magnetization and its FC-ZFC splittings imply an unusually
wide regime of short-range order above the long-range AFM
transition TL, with small but increasing density of magnetic
moments across a temperature window TL < T < T∗.

We proceed to theoretically analyze this behavior in
two steps. First (Sec. III), we show that the known large
Dzyaloshinskii-Moriya exchanges imply an additional sec-
ondary exchange which is a kagome lattice variant of Kitaev
exchange. We analyze the effects of this magnetic exchange,
as well the effects of a subdominant bond-Ising anisotropic
exchange, and find (Sec. IV) that these are sufficient to pro-
duce the unusual in-plane FM canting out of (local or global)
in-plane antichiral AFM order.

Second, we propose and investigate a model of spin clus-
ters with short-ranged AFM order to describe the regime TL <

T < T∗. Since the kagome-Kitaev canting mechanism de-
scribed above also applies to the short-ranged AFM, such spin
clusters would gain a small (canted) FM moment, enabling
them to contribute to magnetization as FM spin clusters, with
an unusually reduced magnetization. We show (Sec. V) that a
phenomenological model of such weak-FM spin clusters can
capture the M(B) field-dependent magnetization isotherms
across the temperature window TL < T < T∗. To analyze the
role of ABH defects in the spin-cluster short-range order
regime, we perform exact diagonalization of a 12-site model
of an ABH defect embedded in an antichiral ordered en-
vironment (Sec. VI) and identify complementary ‘classical’
and ‘quantum’ mechanisms that can inhibit the formation of
long-range order.

The rest of the manuscript is organized as follows. In
Sec. II, we give the details of the experimental observations. In
Sec. III we give the minimal model for the antichiral AFM or-
der, containing Heisenberg and Dzyaloshinskii-Moriya terms,
and derive the terms that then necessarily appear at higher
order in the spin orbit coupling, including the kagome Kitaev
terms. In Sec. IV, we give the details of the Kitaev term and
derive the associated in-plane canting via a classical q = 0
analysis. Sec. V describes the phenomenology of the FM clus-
ter model and its connection to the experimental observations.
Finally, in Sec. VI, we describe the role of ABH disorder on
the magnetic order and indicate the mechanisms of obtaining
an extended regime of short-ranged order. The details of vari-
ous calculations are further given in the Appendixes.

II. EXPERIMENTAL FINDINGS: IN-PLANE
FERROMAGNETIC CANTING AND EXTENDED

REGIME OF SHORT-RANGED ORDER

Here we present measurements on samples with x = 0.58
and y = 0.1. The Cl concentration is large enough such that an
ordered state is observed [16]. However, the magnetic order is
quite unusual. For this material (YCOB-Cl with x = 0.58 and
y = 0.1) prior measurements [16] of C(T ), χ (T ), and NMR
all show weak magnetic order with some glassy aspects and

FIG. 1. Temperature dependence of the magnetization, M, for the
58% chlorine doped sample under FC and ZFC conditions (main
panel) for a field of 50 Oe in the kagome plane (perpendicular to
c). The hysteresis with strong FC-ZFC separation is visible below
the M(T ) peak showing long-range order below TL ≈ 6.5 K. Addi-
tionally, a slight separation between the two curves is visible from
10–12 K and slowly increases down to TL , which suggests formation
of ferromagnetic clusters across this temperature range TL < T < T∗.
The inset is the same data on an expanded scale to demonstrate that
the deviation from paramagnetic behavior sets in at T∗ ∼ 14 K.

with clear hysteresis below TL ≈ 6.5 K. This behavior can also
be seen in the magnetization M(T ) shown in Fig. 1.

In Fig. 1 we show the magnetization as a function of
temperature measured on a sample with x = 0.58% chlorine
and y = 0.1. With decreasing temperature there is at first a
onset of short-ranged AFM order around T∗ ∼ 14 K. Then a
sharp change in slope occurs at the AFM transition of 6.5 K.
The magnetization is shown under both field-cooled and zero-
field-cooled conditions, with the field in the kagome plane
(⊥ c).

The key new findings concern in-plane FM moments. The
field-cooled and zero-field-cooled curves gradually separate,
indicating hysteretic behavior which is associated with ferro-
magnetism. This FM component is observed to be strongly
anisotropic occurring for fields in the plane. The FC-ZFC
separation is initially very small but opens up suddenly at the
long-range order temperature TL ≈ 6.5 K. We interpret this as
the onset of large well-ordered ferromagnetic regions which
initially occupy a small volume fraction of the sample. These
regions grow and overlap to form a bulk FM below 6.5 K.
This behavior is very different from what is expected for a
pure AFM, which shows a cusp in the magnetic susceptibility
at the Neel temperature. The in-plane FM canted moments are
clearly visible.

In Fig. 2, we present the isotherms of the magnetization ob-
tained at three different temperatures as shown. The isotherms
for in-plane fields exhibit a dual slope response—with an
initial rapid rise which fades away as the temperature is raised
toward T∗. These isotherms clearly suggest a model of ferro-
magnetically coupled spins that contribute to the rapid rise
but soon attain a saturated state. Note that beyond satura-
tion at higher fields there is a separate contribution to the
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FIG. 2. Magnetization (M) isotherms (as a function of magnetic
field M(B) at fixed temperature T ) here shown at three different tem-
peratures below T∗. For B in the plane (⊥ c) (red dot-space-dot upper
curves) a clear ferromagnetic response, suggesting some saturation
at a fairly low field, is visible. The low field region has a larger
slope compared to the high field linear response with a smaller slope.
At low T the ordered moment per site is of the order 0.01 μB. As
T increases toward T → T∗ the low field response shrinks and is
absent above T∗. For B ‖ c axis (blue dot-dot lower curves) no such
ferromagnetic behavior is seen. Together, this suggests TL < T < T∗
formation of spin clusters with in-plane FM moments, as shown
below Fig. 6.

magnetization arising from the antiferromagnetic coupling of
the spins. Extrapolating the high field linear M regime to
low fields, we obtain the B = 0 intercept of magnetization,
which is plotted in Fig. 3. The implied ordered moment lies
completely in the plane. Its magnitude is small, below one
percent, but increases as T decreases from T∗.

This small FM moment coexists with the primarily antifer-
romagnetic order. Though neutron scattering is not available
on this particular x = 0.58, y = 0.1 compound, there is good
evidence that the AFM order here is the antichiral AFM
order. Antichiral AFM (the q = 0 120◦ spin structure with
negative vector chirality) has been unambiguously confirmed
using neutron scattering in the original YCu3(OH)6Cl3 un-
doped member of this material family [4]. It is also expected
to describe the magnetism in the present x = 0.6 y = 0.1
compound [16], which has very similar specific heat and

FIG. 3. Implied in-plane ferromagnetic moment as obtained
from an extrapolation of the high field (in-plane field ⊥ c) linear
behavior to obtain a B = 0 intercept. The data implies a net ordered
moment in the plane.

susceptibility behavior as YCu3(OH)6Cl3. Both also have a
transition at a similar temperature. Note that neither has a visi-
ble specific heat anomaly. While the susceptibility and specific
heat, and the temperature scale of the AFM transition, are
similar between YCu3(OH)6Cl3 and the present compound,
they are quite different in the other compounds of the family
that exhibit q = (1/3, 1/3) order. The existence of the AFM
transition in the present compound is also evident in NMR and
ESR [16]. Below we will also show that a positive-chirality
120◦ order is also ruled out by the experimental observation
of in-plane canting.

III. MINIMAL SPIN MODEL FOR ANTICHIRAL AFM
ORDER WITH IN-PLANE CANTING

In this section, we give a microscopic mechanism of how
to obtain the spin interactions which we show in the next
section can produce in-plane ferromagnetic canting.

The most dominant symmetry allowed spin exchange
Hamiltonian on ideal single layer kagome lattice can be writ-
ten as [24]

H = J
∑
〈i j〉

Si · S j + Dz

∑
〈i j〉

(Si × S j )z + · · · , (1)

where the first and the second term denote the isotropic
Heisenberg and anisotropic DM interaction with DM vec-
tor being perpendicular to the kagome plane [see Fig. 4(a)],
respectively, and “· · · ” denote other symmetry allowed
couplings which will be discussed later. (We follow the con-
vention of labeling the c-axis out-of-plane DM term by Dz.)
Note that the DM coupling is allowed due to the lack of
inversion symmetry about the kagome bond center, and its
strength is linearly proportional to the spin-orbit coupling (λ),
|Dz| ∝ λJ [24]. In this family of materials, the DM term is
typically estimated to be O(10−2) smaller than the Heisenberg
interaction [25]. For the Heisenberg only term, the model
is frustrated and favors a coplanar 120◦ AFM states on the
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FIG. 4. Magnetic ordering in kagome lattice due to Heisenberg
and DM interaction. (a) Kagome network with dilute alternating-
bond-hexagon (ABH) defects shown with thick red/green bonds
hosting stronger/weaker exchange couplings, respectively. (ABH
also appear with red/green interchanged, i.e., 2π/6 rotated.) The
blue arrows show in-plane DM vectors on each bond. The blue dots
denote the out-of-plane DM vector on the surrounding bonds. To
define the sign of DM vectors, bonds are oriented counterclock-
wise around each hexagon, or equivalently, clockwise around each
triangle. (b) Chiral magnetic order for Dz > 0. Inset shows the
ferromagnetic canting due to in-plane DM coupling. (c) Antichiral
magnetic order for Dz < 0. This is the magnetic order considered be-
low and relevant to the material, which has no out-of-plane canting.

kagome network at low temperatures via order by disorder.
However, the DM term selects states with specific handedness
among that subspace via a finite temperature phase transition.
For Dz > 0, the “chiral” structures are chosen which preserve
the C3 rotation symmetry of the kagome lattice about the
midpoint of a triangle; see Fig. 4(b). The symmetry acts on
both the spin and spatial (spin-orbit coupled) indices of the
magnetic degrees of freedom. For Dz < 0, “antichiral” struc-
tures are chosen which do not have any physical C3 rotation
symmetry; see Fig. 4(c). In other words, if spin and space were
unphysically decoupled, it would have rotation symmetries
which act oppositely on spin and on space.

The consideration of the crystal field environment around
the magnetic sites generically breaks the mirror symmetry
about the pure kagome plane, and allows the in-plane DM
terms [perpendicular to the kagome bonds, see Fig. 4(a)] in
the above Hamiltonian. Although they also appear at the linear
order in spin-orbit coupling, they are much weaker than the
out-of-plane DM term (because they arise from inter-plane
effects), hence their effects on the chiral and antichiral states
can be computed perturbatively. For the chiral states, the
in-plane terms generate an out-of-plane canting of the spins
leading to a net FM moment perpendicular to the kagome
plane. The relevant material showing no out-of-plane mag-
netization then rules out the possibility of the chiral order.
The antichiral states, however, shows no out-of-plane canting
with the in-plane DM terms. This can be clearly seen from
a symmetry argument: the in-plane DM vectors transform
oppositely under C3 rotations compared to the antichiral spin
order. Thus there is no energy gain due to the DM term
for canting and the cost due to the Heisenberg exchange
forbids it.

Focusing now on the antichiral state, we look for a mecha-
nism for in-plane canting as observed in experiment. In-plane
DM terms cannot generate such canting because the DM en-
ergy remains insensitive to any in-plane FM moment. (This
is true even for the chiral state.) Therefore, we must look
for other symmetry allowed couplings that must be added to
Eq. (1). In presence of spin-orbit coupling, such exchanges
can be obtained in a standard manner [26]. Given the DM vec-
tor on a bond connecting site i and j being D̂i j , the symmetric
easy axis anisotropic interaction is given by

Hsoc, sym = 1

J
(Si · D̂i j )(S j · D̂ ji ). (2)

Clearly, such term varies quadratically with the spin-orbit
coupling and remains weak compared to other exchanges
described previously. Since the net DM vector in kagome is a
linear combination of out-of-plane (perpendicular to kagome
plane) and in-plane (perpendicular to the kagome bond) com-
ponent [see Fig. 4(a)], it leads to following decomposition of
the anisotropic exchange interaction:

Hsoc, sym = α1Hc-Ising + α2HKitaev + α3Hcross, (3)

where αis are constant coefficients which depend on the ra-
tio of the in-plane and out-of-plane DM component. In the
above decomposition, Hc-Ising ∝ ∑

〈i j〉 Sc
i Sc

j denotes the Ising
interaction with easy axis perpendicular to the kagome plane
(c-axis). HKitaev is a bond-dependent Ising interaction [27]:

HKitaev = JKitaev

∑
〈i j〉μ

Sμ
i Sμ

j (μ = X,Y, Z ), (4)

where the Kitaev axes X, Y , and Z correspond to each of the
three bond orientations on the kagome lattice. Explicit expres-
sions are given in the Appendix B. Hcross ∝ ∑

〈i j〉μ (Sc
i Sμ

j +
Sc

j S
μ
i ) denotes the cross term between Kitaev and c-axis Ising

term. We note that c-axis Ising term cannot generate the in-
plane ferromagnetic canting, whereas Hcross gives the in-plane
canting only to the subleading order. Therefore, the dominant
in-plane canting arises from the Kitaev term which we explic-
itly compute in the following section.

We note that in other kagome systems there could be other
symmetry allowed bond-dependent Ising interactions with
easy axes lying in the plane, that also can potentially give rise
to the in-plane FM canting. One of such example is the bond-
Ising interaction. (The bonds are in-plane so this exchange
is orthogonal to the c-axis Ising exchange.) However, in the
present case the Kitaev interaction gives the most dominant
contribution as it directly appears from the microscopic spin-
orbit coupling. For completeness we discuss canting effects
from the bond-Ising term in the Appendix B. We now proceed
to focus on the Kitaev-type interaction to show that it does
indeed produce canting.

IV. IN-PLANE FM CANTING VIA KAGOME
KITAEV EXCHANGES

Expanding the classical Kitaev energy around the antichiral
state perturbatively within a single triangle (q = 0) analysis
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FIG. 5. Various AFM antichiral spin configurations (black) and associated FM canting (blue) arising by adding Kitaev interactions with
AFM (a) or FM (b) sign. The black arrows on the sites (kagome vertices) show the spins of the corresponding antichiral order. The blue arrow on
the center of each triangle represents the net moment of the corresponding triangle. The canting due to AFM (a) and FM (b) Kitaev interaction
differ by the sign reversal of the canted moment (blue arrows). The four figures on each panel show four representative configurations (or
domains) of the antichiral order (and the associated different configurations of the canting moment) given by φ1 = π/2, 5π/6, π, 3π/2.
Though at the classical level φ1 has an emergent U (1) symmetry, which is moreover preserved by the Kitaev exchanges, we choose these
values because we expect higher order quantum fluctuations to break the emergent U (1) down to the discrete microscopic lattice symmetry of
2π/6 rotations. The four domains with rotated spin angle φ1 show the unusual feature of the canting Eq. (9): under rotations of the ordered
spin moments, the net canted moment m rotates oppositely.

appropriate for this q = 0 order, we obtain

HKitaev

JKitaev
≈−1

2
+ 1

6
(a cos(2φ1) + b sin(2φ1)) + O(a2, b2, ab),

(5)

where a and b denote the in-plane deviations of the spin
configuration from antichiral order:

φ2 − φ3 = 2π

3
+ a√

3
, φ2 + φ3 − 2φ1 = 2π + b, (6)

and, φ1, φ2, φ3 are the angle variables measured from the
x axis (see Fig. 9 in the Appendix), describing any in-plane
spin configuration with the indices defined in the anticlock-
wise manner (as an illustrative example, see the triangle
formed by sites 7, 1, and 2 in bottom right inset of Fig. 7).

The Kitaev interaction explicitly breaks the continuous
U (1) spin rotation symmetry. However, the leading term in the
energy is a φ1-independent constant, which implies although
the Kitaev term breaks the U (1) explicitly, there is still an
emergent U (1) invariance in the antichiral subspace at least at
the classical level.

The classical Kitaev energy is minimized by the following
spin configurations:

JKitaev > 0(AFM) : f1 = 2φ1 + π, (7)

JKitaev < 0(FM) : f1 = 2φ1, (8)

where f1 = tan−1(b/a). Clearly, the canting configuration is
tied to the overall AFM order parameter spin angle φ1. The

net canted moment on the triangle is given by

m =
{

1
2 {cos φ1,− sin φ1}, for FM Kitaev,
1
2 {− cos φ1, sin φ1}, for AFM Kitaev.

(9)

The subdominant bond-Ising interactions give the same cant-
ing tendencies for AFM and FM Ising, respectively (see the
Appendix for details).

The canting produces a net moment from any region of uni-
form antichiral ordering with a uniform choice of the global
symmetry breaking angle φ1. This is visually shown in Fig. 5
which plots the local canted moment for various antichiral
spin configurations. Figure 5 also shows the unusual feature
of Eq. (9): Under rotations of the ordered spin moments on
each site, the net canted moment m rotates oppositely.

Since the canting mechanism is local, such canting can also
occur locally even if the true long-range ordering is absent and
there is only a short-ranged antichiral state present over a finite
cluster, with fluctuating spin configuration and fluctuating net
moment.

For completeness we also computed the possibility of local
in-plane canting arising from the ABH disorder. However, due
to the C3 rotation symmetry of the ABH, the resultant FM
moment of the triangles forms a vortex configuration with
zero average moment per hexagon; see Appendix D for further
details.
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V. PHENOMENOLOGY OF SHORT-RANGED FM ORDER
VIA SPIN CLUSTERS

Having discussed the origin of the small ferromagnetism,
we now focus on the second part of the observed puzzle of
whether there is extended regime of short-ranged order below
T∗ before the onset of true long-ranged magnetism. We answer
this question in two parts. In this section we phenomeno-
logically describe a spin-cluster model, and show that the
short-ranged clusters along with their in-plane moments due
to Kitaev interaction describes the experimental observations
quite well. In the next section we introduce a microscopic
model for the enhanced short-range order by studying the
interplay of ABH disorder and antichiral AFM order in a
12-site ABH toy model.

The phenomenological spin-cluster picture described here
is reminiscent of Griffiths-phase effects which can occur in
the vicinity of phase transitions in disordered systems [28].
However, here the long-range order is primarily AFM an-
tichiral order, while the signatures of spin clusters arise due
to their weak FM canting. The weak FM canting of short-
ranged AFM regions, producing small moment spin clusters,
is unconventional. An additional difference concerns the mi-
croscopic source of disorder. As discussed in the next section,
the localized ABH lattice defects, rather than rare regions
of long wavelength disorder, are sufficient for understanding
the formation of short-range order clusters. This microscopic
disorder analysis also suggests that the spin-cluster effects
should here be highly visible above the ordering transition,
as is indeed seen in the fitting results we describe below.

We now proceed with a phenomenological analysis of
spin-cluster effects. Phenomenologically, we attribute the T∗
temperature to the onset of a short-ranged correlated phase,
where the magnetism is controlled via independent finite spin
clusters. Such clusters can grow and gain a small in-plane
ferromagnetic moment as we lower the temperature. The mag-
netization of the clusters can then be written as

M(B; T ) = nc(T ) gμBSeff(T ) L

(
gμBSeff(T )

kBT
B

)
+ χAF(T ) B.

(10)

In this equation the magnetic response is split into two
components. The first term corresponds to the response of
the free spin clusters, which contribute a nonlinear Langevin
function response at small field B. The second describes
the response of the AFM which gives a small-slope linear
response at large B. Since this function describes the mag-
netization as a function of field B at any temperature T , we
write the explicit temperature dependence for the temperature-
dependent parameters nc(T ), Seff(T ), and χAF(T ). As we
describe below, these are the parameters we fit to M(B) at each
temperature T .

The spin-cluster magnetization is for simplicity here cap-
tured with just two free parameters. Here Seff(T ) and nc(T )
describe the effective net magnetic moment for each cluster,
and the density of the clusters (number of clusters per number
of unit cells), respectively. These are generically temperature-
dependent quantities. Additionally the fixed parameter g =
2 denotes the Landé g-factor for coupling external mag-
netic field and FM clusters. In the above equation, the free

spin-cluster magnetization is approximated by the Langevin
function L(x) = coth(x) − 1/x which gives the magnetization
of a free classical spin as a function of the dimensionless
combination x. This ratio x is the magnetic energy gμBSeffB
divided by temperature kBT . The Langevin function is the
large spin (large Seff) limit of the Brillouin function which
gives the magnetization of a quantum spin-S moment. This
limit amounts to a classical description of the net FM clus-
ter moment. Finally, L(x) comes multiplied by a coefficient,
given by the product of the density of spin clusters nc times
the magnetic moment per cluster gμBSeff(T ).

We fit the measured M(B) isotherms as in Fig. 2 using Eq.
(10). The fit to the measured function M(B) was performed at
each T , to extract the high-field linear coefficient χAF and the
nonlinear Langevin spin-cluster magnetization described by
the cluster density nc and effective moment Seff. This fitting
procedure is robust, as can already be seen visually from in-
spection of Fig. 2. The high field region is linear and provides
the AFM linear contribution χAF for the fit. The nonlinear
behavior at small B is fitted to the Langevin function L(x) with
just two parameters, cluster density nc and effective moment
Seff, which together just act as a magnetic field scale x in L(x)
and as an overall magnetization coefficient multiplying L(x).
Since Seff is necessarily a dimensionless number quite a bit
larger than 1, as indeed seen in the fit, the Langevin function
saturates for quite small fields, producing a nonlinear small B
contribution that can be distinguished from the large-B slope
of χAF.

In Fig. 6, we plot the parameters nc (closed circles), and Seff

(open circles) obtained from fits to the M versus B isotherms
at each temperature. The interpretation of the resulting fit
in terms of spin-cluster formation in the temperature regime
TL < T < T∗ is evident from the behavior of the fitted pa-
rameters in this regime. We see that Seff rises rapidly below
14 K, with the number of clusters decreasing in a concomitant
manner. Their product (middle panel) is a smooth function of
T . Interestingly, χAF shows a peak (bottom panel) as expected
for an AFM transition, though the peak position extracted
from this few-parameter M(B) fit, which effectively restricts
χAF to only sample high fields, is thus shifted from the true
(low-temperature, low-field) AFM transition.

We can further interpret these fit parameters. The free spin
clusters giving a net magnetization have a typical size which
depends on temperature. We estimate this cluster size Nc as
scaling with its total moment Seff by Nc ∼ Seff/αm, where the
temperature-independent parameter αm is the fraction of the
moment per site that contributes to the FM net magnetization.
The estimated cluster size Nc = Seff/αm gives the number of
sites participating in the cluster. This should be distinguished
from the density of clusters, nc, which measures the number
of clusters in the system.

Interestingly, the product ncNcαm = ncSeff shows a strik-
ingly simple temperature dependence (Fig. 6, middle panel).
Above TL, we interpret fc = ncNc as the fraction of
all magnetic sites that participate in the clusters. Long-range
magnetic order at TL is triggered when fc becomes of order
≈1. At 7 K we find that ncSeff ≈ 0.03, implying αm ≈ 0.03,
which provides an estimate of cluster size: each cluster
moment μB arises from the combination of about a hundred
Cu sites.
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FIG. 6. Phenomenological spin-cluster description of the short-
ranged ordered regime. Right panel: Schematic diagram for the
spin-cluster model. Cluster size Nc is related to the effective in-plane
moment of the cluster Seff by Nc ∼ Seff/αm, with αm being the small
fraction of moment per site participating in FM canting. Left: Spin-
cluster formation as obtained through fits to M(B) isotherms as in
Fig. 2 using Eq. (10). The fit to the measured function M(B) was
performed at each T , to extract the high-field linear coefficient χAF

and the nonlinear Langevin spin-cluster magnetization described by
the cluster density nc and effective moment Seff. Top panel shows nc

(closed circles) and Seff (open circles). Their temperature dependence
shows cluster merging via increasing Seff and decreasing nc across
the regime TL < T < T∗. The onset of long-range magnetic order at
TL ≈ 6.5 K is visible as saturation of Seff and nc. For T < TL (orange
shaded region) the cluster model breaks down, as self consistently
shown by the opposite T behavior of Seff and nc. This shaded region
is shown for completeness but cannot be interpreted in terms of
clusters. Middle panel shows the product of nc and Seff which varies
smoothly throughout the measured temperature range as discussed
in the text. Bottom panel shows χAF extracted from the linear high-B
behavior at each T . The shift of the χAF peak from the physical TL

value is due to this high-field limitation for χAF in the M(B) fits; also
note the small range of χAF variation in the y-axis scale. Sections V
and VI are concerned with the cluster growth regime TL < T < T∗.

For completeness we also perform the same fit for T < TL,
where the spin-cluster picture should break down. Indeed we
find that the fit shows this breakdown self consistently. At TL

the temperature derivative of nc and Seff change sign, signify-
ing that the cluster merging process has completed. For T <

TL the fit parameters give decreasing Seff which rules out the
cluster picture. Instead, this can be interpreted to correspond
to the decreasing correlation length ξ , as Nc = Seff/αm ∼ ξ 2.
Correspondingly the product fc = ncNc rises above 1, in-
terpreted as a merged cluster percolating across the entire
system, with an increasing FM moment per site corresponding
to the long-ranged FM order. Above TL the cluster picture is

physical, and for the remainder of this manuscript we restrict
ourselves to this temperature regime TL < T < T∗ to study the
short-ranged order and possible microscopic mechanisms for
the spin clusters with in-plane moments.

VI. EXTENDED REGIME OF SHORT-RANGED ORDER:
ROLE OF ALTERNATING-BOND-HEXAGON DISORDER

In this section, we will look for a mechanism of obtaining
the spin clusters based on the ABH disorder present in the cur-
rent material. In Fig. 4(a), the ABH disorder is depicted with
the red and green showing bonds with stronger and weaker
spin exchange couplings. As described earlier, such alterna-
tion of coupling strength arises due to the random substitution
of Br site by OH both above and below the kagome hexagons,
hence the disorder density is controlled by the parameter y,
which is 0.1 for the the current sample.

To understand the role of ABH disorder we consider a
fully quantum 12-site model consisting of a star of David
surrounding an ABH, and diagonalize it exactly. Focusing a
single ABH is justified if we assume a dilute density of ABH
in the system. Every ABH is then locally surrounded by the
pristine kagome which we further assume hosts an at least
short-ranged antichiral order. We incorporate this surrounding
short-ranged order in the model by applying a mean-field b
on the outer vertices of the star of David containing the ABH
consistent with the surrounding antichiral pattern (see bottom
right inset of Fig. 7). This leads to the following 12-site
Hamiltonian:

H = HHeis +
12∑

i=7

bi · Si + �JH�J ,

H�J =
⎛
⎝ ∑

〈i j〉∈strong

Si · S j −
∑

〈i j〉∈weak

Si · S j

⎞
⎠, (11)

where HHeis is the isotropic translation invariant Heisenberg
term HHeis = J

∑
〈i j〉 Si · S j , and H�J is Heisenberg exchange

on strong minus weak bonds on the central hexagon. In this
section we use the unit convention h̄/2 = 1 so that the spin
operators S are Pauli matrices, which enables a more direct
comparison between quantum effects and classical energies
of unit vector spins. The disorder strength is measured by
the energy parameter �J . This can be interpreted as a di-
mensionless � times J; we use the product for clarity. The
short-ranged order is expressed using bi which are the mean-
fields assigned on the outer vertices of the star of David as
shown on the bottom right inset of Fig. 7. We assume their
magnitude remains same for all the vertices, |bi| = b. We then
investigate the consequence of such mean field on the spins on
the ABH. In Fig. 7, we show the average magnitude of the spin
expectation vector on the hexagon, |S|avg = 1

6

∑6
i=1 |〈Si〉| as a

function of mean-field. There are two distinct effects observed
in the 12-site quantum model, associated with complementary
mechanisms, which we denote as “classical” and “quantum.”

Classical mechanism: relieved classical frustration. The
kagome lattice Heisenberg model is geometrically frustrated,
with various possibilities of competing orders and frustration
due to the competing interactions. The frustration can be
seen already for classical Heisenberg interactions. Beyond the
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FIG. 7. Exact diagonalization of 12-spin Hamiltonian on a star
of David with ABH: Inset on the top left shows the star of David
with ABH and mean-field assigned on outer vertices consistent with
antichiral pattern. Red and green lines show strong and weak bonds
with strength J + �J and J − �J (assuming �J positive), respec-
tively. The black arrows on the outer vertices represent the effective
mean-field acting on those sites due to the short-ranged antichiral
AFM order on its surrounding. In the main figure, average norm of
the ground state expectation values of the spins on the ABH, |S|avg =
1
6

∑6
i=1 |〈Si〉|, is shown as a function of antichiral order mean-field.

Each curve of the plot are obtained by setting a fixed value of disorder
strength �J . The maximum of the physical mean-field considered is
2J〈|S|avg〉 < 1. The sharp jump in |S|avg represents the location of the
level crossing. The inset of the bottom right shows the variation of
the change of |S|avg at the level crossing with disorder strength. To
enable comparison with classical analysis here S is given in units of
h̄/2.

Heisenberg exchanges, the small DM coupling in addition to
the Heisenberg interaction favors the antichiral states. This
partially relieves the frustration. But the antichiral state is still
geometrically frustrated, akin to other 120 degree states on
lattices with triangles.

The ABH, incorporating the stronger and weaker cou-
plings, partially relieves the frustration locally near the defect.
It modifies the classical energy (per bond) of the classical an-
tichiral order from J/2 to J/2 − (�J )2/6J . (See Appendix D
for details.) Such energy modification is associated with the
local FM canting of the spins on the disordered triangles,
indicating further reduction of frustration. This local canting
arising from ABH gives no net coarse-grained FM moment,
but rather a larger-scale AFM pattern (see Appendixes for de-
tails). The local reduction of frustration around the ABH can
potentially help to set in short-ranged ordering on the ABH
more easily than the rest of the pristine kagome, leading to the
cluster model which has been introduced phenomenologically
in the earlier sections.

This effect is also seen when including quantum effects
in exactly diagonalizing the 12-site ABH model: at larger
b/J > 0.2, (sufficiently away from the classical ordered limit,
b/J < 0.5) the classical spin moment |S|avg is greatly en-
hanced by �J , with a positive jump arising with a level
crossing with increasing �J Fig. 7. Phenomenologically, this
enhanced |S|avg can be interpreted as a local enhancement of
short-ranged order near each ABH. An interesting corollary

FIG. 8. Quantum fluctuations of bond energy on strong bonds:
this measure of the fluctuations of bond energy gives −3 and 1 for
an ideal singlet bond and Sz = 0 triplet bond, respectively, in units of
h̄/2. With increasing disorder strength the strong bond gains more of
a singlet character.

of the above effect can be the pinning of density of the short-
ranged cluster to that of the ABH, which may be assessed in
future experiments that can study the regime of short-ranged
clusters while characterizing the ABH defects.

Quantum mechanism: enhanced singlet formation. Now
considering quantum effects in full, it is clear that ABH
supports singlet formation on the strong bonds, in addition
to any other effects. Such singlet formation can successfully
compete against classical orders: even the most naive valence
bond solid states which consist of singlets on strong bonds
and free spins elsewhere on ABH enjoy an energy per bond of
J/2 − �J/2.

This effect is seen in the 12-site ABH model: at small
b/J � 0.2 the classical spin moment |S|avg is suppressed by
�J Fig. 7, and at any b the strong bonds support increas-
ing quantum fluctuations in the bond energy (〈Si · S j〉 − 〈Si〉 ·
〈S j〉) with �J Fig. 8. Phenomenologically, this enhanced
quantum fluctuation can result in suppression of long-range
classical order and enhanced regime of short-ranged order
arising from ABH. Such effects are especially quite significant
near the T∗ ∼ 14 K, where the short-ranged order is weak
enough. At much lower temperatures, the mean field due
to the short-ranged domains enhances, leading to long-range
ordered phase at TL ∼ 6.5 K. Clearly, the quantum effect of
ABH can be thought of as stretching the domain of short-
ranged ordering in the material.

VII. DISCUSSION

In this work we presented experimental puzzles in the
magnetism of a kagome compound and suggested theoretical
models to describe the puzzles. The experimentally observed
in-plane anisotropy of the FM canting and the extended
regime of short-ranged order cannot be described by the
usual geometric frustration or magnetic impurities on the
kagome lattice. We theoretically approach this puzzle by con-
sidering each ingredient separately. To account for in-plane
ferromagnetism we propose additional unconventional inter-
actions which are a kagome variant of the Kitaev exchanges.
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We show these are symmetry allowed and moreover micro-
scopically expected due to the presence of already known
DM interactions. We show that in-plane ferromagnetism is
produced by such small Kitaev-like bond-dependent Ising
interactions. Given this theoretical mechanism for in-plane
canting, we propose a phenomenological spin-cluster model
to describe the unusual magnetism observed in the intermedi-
ate temperature regime of TL < T < T∗. To identify a possible
microscopic stabilization mechanism of the spin clusters and
the associated expanded short-ranged order regime, we then
turn to the ABH defects. Using both quantum and classical
analysis we show that the ABH disorder stretches the stability
of the short-ranged order via both nucleation of the local
order parameter around defects as well as by enhancing the
quantum fluctuations that suppress a classically ordered state.
The ABH disorder and resulting spin clusters, together with
the weak but consequential kagome-Kitaev exchanges, can
thus account for the unusual puzzle seen in the magnetism of
the ordered compound. These theoretical results would apply
to other kagome systems with similar magnetic signatures and
show how in-plane canting can arise and how weak-FM spin
clusters can be stabilized by disorder.

The identification of the salient experimental features of a
quantum spin liquid state is an ongoing effort. In the above
we have presented comprehensive results on a relatively new
system, YCu3(OH)6[(ClxBr(1−x) )3−y(OH)y], in which replac-
ing Br by sufficient Cl (i.e., tuning x) a magnetic state can
be tuned in. This substitution as well as the presence of the
(OH)− ions necessarily introduces disorder. In the regime of
disordered ABH density where there is an AFM ordered state,
we found evidence for the formation of weak-FM clusters.
We developed a theory for the origin of these clusters in the
present setting, via disorder and Kitaev interactions.

Going beyond the magnetically ordered case toward a pos-
sible nearby Dirac QSL phase, we anticipate a complementary
mechanism for generating FM moments from certain 120◦
AFMs. For a Dirac QSL, chiral time reversal symmetry break-
ing with FM spin clusters generates a mass term for fermion
bilinears, leading monopoles to proliferate and destroy the
QSL; on the kagome lattice, the expected magnetic order is
then 120◦ AFM [29]. This suggests that a proximate Dirac
QSL could support a linear coupling between 120◦ AFM and
FM moments through the monopole effects.

We note also a possible relation to ferromagnetic clusters
seen on the Dirac spin liquid candidate samples. These are
the compounds in the YCOB-Cl family that show no mag-
netic order and may be spin liquid candidates, namely those
with x < 0.4 and associated higher density of ABH disorder.
Recent work [17] found that the unusual magnetization could
be explained through ferromagnetic spin clusters arising in the
candidate spin liquid regime. These possibly delocalized clus-
ters can viewed as counterparts of emergent random singlets
but with a dominant effect from ferromagnetic interactions
that can arise via the interplay of frustrated antiferromagnetic
interactions in a strong-disorder RG. It would be interesting
to consider how increasing ABH disorder may interplay with
a phase transition into a Dirac QSL, and what the role of
ferromagnetic spin clusters may be across such a transition.
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APPENDIX A: EXPERIMENTAL DETAILS

Here we use single crystals of YCOB-Cl,
YCu3(OH)6[(ClxBr(1−x) )3−y(OH)y], which are grown using a
similar hydrothermal method as described in reference [14].
This method allows us to continuously tune the ratio between
Cl and Br. The Cl-doped samples are obtained as hexagonal
plates with the in-plane diameter up to 1.3 mm and thickness
of 1 mm. To remove the possible surface impurities, all the
crystals are cleaned ultrasonically in water. Magnetization
measurements are performed on a Quantum Design magnetic
property measurement system employing a sample holder
traversing both halves of the static SQUID detection coils to
eliminate any background contribution.

FIG. 9. Reference axes for a single triangle classical analysis. All
the angles (φi) are measured from horizontal x axis of this image.
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APPENDIX B: IN-PLANE CANTING DUE TO KITAEV
AND BOND-ISING TERMS

Here we give further details of two potential perturbations
to the Heisenberg and out-of-plane DM Hamiltonian which
are Kitaev interaction and bond-Ising interaction. Among
them, as we argued in the main text (see Sec. III), microscop-
ically the dominant contribution to canting comes from the

Kitaev term. Both of these interactions have similar symmetry,
and they break continuous U (1) symmetry of the Heisenberg
and DM term. Via a single triangle (q = 0) classical analysis,
we show that such terms indeed favor a uniform FM canting
of the underlying antichiral AFM order.

Since we are considering q = 0 magnetic orders, it is
enough to look at a single triangle. The bond-Ising and Kitaev
terms are given by

HIsing = JIsing

∑
〈i j〉

(Si · (ri − rj))(S j · (ri − rj)), (B1)

HKitaev = JKitaev

∑
〈i j〉μ

Sμ
i Sμ

j (μ = X,Y, Z ), (B2)

X =
{

− 1√
2
,− 1√

6
,

1√
3

}
, Y =

{
1√
2
,− 1√

6
,

1√
3

}
, Z =

{
0,

√
2

3
,

1√
3

}
, (B3)

where in the last line X,Y , and Z of the Kitaev interaction are given in terms of the reference axes (x, y, z) described in Fig. 9. We
note that although both the terms break the continuous U (1) symmetry, there is still an emergent U (1) symmetry in the antichiral
subspace at least at the classical level. Here we perturbatively compute the classical energy of the above two Hamiltonian around
the antichiral state. For this we define

φ2 − φ3 = 2π

3
+ a√

3
, φ2 + φ3 − 2φ1 = 2π + b. (B4)

Note that the scaling of a and b is chosen such that when Eq. (B4) is substituted in the classical Heisenberg energy, the leading
order correction becomes ∝ (a2 + b2). Solving φ2 and φ3 from the above two equations, we can substitute them in the classical
energy expression for the bond-Ising and Kitaev terms. Expanding in powers of a and b, we obtain (here we express the classical
energies in the units of the corresponding exchange interaction scale):

HIsing

JIsing
= 1

4

[
2 cos (2φ1 + b) −

√
3 cos

(
2φ1 + b

2
+ a

2
√

3
− π

6

)
− cos

(
2φ1 + b

2
− a

2
√

3
− 2π

3

)
+ 2 sin

(
a

2
√

3
− b

2
− π

6

)

+2 sin

(
a

2
√

3
+ b

2
− π

6

)
− 2 sin

(
a√
3

+ π

6

)
− sin

(
2φ1 + a

2
√

3
+ b

2
− π

6

)
−

√
3 sin

(
2φ1 − a

2
√

3
+ b

2
+ 2π

3

)]
(B5)

≈ −3

4
− 1

4
(a cos(2φ1) + b sin(2φ1)) + O(a2, b2, ab), (B6)

HKitaev

JKitaev
= 1

6

(
− 2 cos(b + 2φ1) +

√
3 cos

(
1

6

(√
3a + 3b − π + 12φ1

)) + cos

(
1

6

( −
√

3a + 3b + 4π + 12φ1
))

+2 sin

(
1

6

(√
3a − 3b − π

)) + 2 sin

(
1

6

(√
3a + 3b − π

)) − 2 sin

(
1√
3

a + π

6

)

+ sin

(
1

6

(√
3a + 3b − π + 12φ1

)) +
√

3 sin

(
1

6

( −
√

3a + 3b + 4π + 12φ1
)))

(B7)

≈ −1

2
+ 1

6
(a cos(2φ1) + b sin(2φ1)) + O(a2, b2, ab). (B8)

Note that φ1-independent constant term is the consequence of the emergent U (1) invariance in the antichiral subspace.
Substituting

a = r cos( f1), b = r sin( f1), (B9)

we get

HIsing/JIsing ≈ − 3
4 − 1

4 r cos( f1 − 2φ1) + O(a2, b2, ab), (B10)

HKitaev/JKitaev ≈ − 1
2 + 1

6 r cos( f1 − 2φ1) + O(a2, b2, ab). (B11)
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Note that the classical energy is minimized by

JIsing < 0(FM) : f1 = 2φ1 + π, JIsing > 0(AFM) : f1 = 2φ1, (B12)

JKitaev > 0(AFM) : f1 = 2φ1 + π, JKitaev < 0(FM) : f1 = 2φ1. (B13)

The Ising and Kitaev term give rise to opposite kind of canting. Note that the U (1) symmetry breaking decides the canting angle
of the spin, hence the net canting moment on the triangle. The net canted moment on the triangle is given by

m =
{

1
2 {− cos(φ1), sin(φ1)}, for FM Ising and AFM Kitaev,
1
2 {cos(φ1),− sin(φ1))}, for AFM Ising and FM Kitaev.

(B14)

We can parametrize the canted moment as

m = 1

2
{cos(γ ), sin(γ )}. (B15)

Then we find that for AFM (FM) bond-Ising (Kitaev), γ =
−φ1 and FM (AFM) bond-Ising (Kitaev) gives time-reversed
canted moments, γ = −φ1 + π . Note that φ1 is the global
choice of the antichiral order which breaks the U (1) symmetry
of the Heisenberg model and DM interaction. In Fig. 5 of the
main text, we plot the net FM moments as computed above
on a star of David of the kagome lattice for different choices
of φ1. Note that although both terms generate similar canting,
the magnitude of their effect depends on the coupling con-
stant of these two terms. Generically, for the kagome lattice
with DM anisotropy, it is expected that Kitaev interaction
is more dominant than the other anisotropic exchanges such
as in-plane bond-Ising. Therefore, in the main text, we only
discuss the Kitaev interaction leaving aside the contribution
from bond-Ising term.

APPENDIX C: LACK OF IN-PLANE CANTING
FOR CHIRAL STATE

Here we give additional details for why the chiral (as op-
posed to antichiral) state does not get in-plane canting.

First recall the discussion from the main text. The DM
interaction appears in the first order of spin-orbit coupling
(λSOC), whereas the Kitaev and bond-Ising terms appear in the
second order in λSOC. So DM interactions whether in-plane or
out-of-plane are larger than the anisotropic Ising interactions.
Therefore, if there was a chiral order in the material, the
symmetry allowed in-plane already gives out-of-plane ferro-
magnetism, which is not observed in the experiments. This
clearly rules out the possibility of chiral order, as opposed
to antichiral order. The in plane FM order requires antichiral
order, and an additional ingredient beyond DM.

Now keeping the above in mind we can separately ask what
does the in plane anisotropy such as Ising terms do to the
chiral order. The main difference in the chiral case compared
to the antichiral is there is no emergent U (1) symmetry in
the chiral subspace for the bond-Ising or Kitaev interaction,
therefore a chiral state is chosen by the anisotropic interac-
tions. If we do the perturbation analysis of energy gained

by canting about this state, φ2 → 2π
3 + φ1 + (b+a/

√
3)

2 , φ3 →

4π
3 + φ1 + (b−a/

√
3)

2 , we obtain(
HIsing

JIsing

)
chiral

≈ −3

4
(1 + 2 cos (2φ1)) + b sin (2φ1) + ..., (C1)

(
HKitaev

JKitaev

)
chiral

≈ −1

2
− cos (2φ1) + 2

3
b sin (2φ1) + .... (C2)

The minima is obtained by setting φ1 = 0. Clearly, the the
energy gain due to canting is zero to the first order in per-
turbation. Hence, the chiral order does not get any in-plane
canting to the leading order.

APPENDIX D: CLASSICAL ANALYSIS OF ABH: DETAILS
OF CLASSICAL MECHANISM RELIEVING

FRUSTRATION, AND CANTING DUE TO STRONG
BOND DISORDER

In this section, we describe the details of classical mech-
anism relieving frustration, and local canting due to ABH
disorder, from the q = 0 single triangle classical analysis.

Note that, depending on the density of the ABH, there can
be two different disordered triangles possible: triangles with
one of the bond either stronger or weaker than the other two
(occurs even for a single isolated ABH), and triangles with
all the three bonds are of different strength (occurs only for
adjacent ABH). The spin Hamiltonians for these two cases
are given by

HABH,1 = HHeisenberg + HDMz + �JS2 · S3, (D1)

HABH,2 = HHeisenberg + HDMz + �J (S2 · S3 − S1 · S2). (D2)

We mostly focus on the first case (dilute ABH limit) but for
completeness also mention the second case.

For reference of the labels of the spins, see Fig. 9. We
note that both of the above Hamiltonian do not break global
U (1) invariance. Hence, we measure the angle of S2 and S3

from S1, which we denote as φ̃2 and φ̃3. The antichiral AFM
order (at least short-ranged) is established by the combination
of HHeisenberg and HDMz, before the onset of the FM canting.
Therefore, we treat the disorder term perturbatively around
the antichiral states. We assume

φ̃2 = 4π

3
+ δABH, φ̃3 = 2π

3
− δABH, (D3)

where δABH denotes the amount of FM canting due to ABH
disorder (see Fig. 9). Substituting the above in the classical
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FIG. 10. Net magnetic moment of a single triangle with ABH disorder: Panel (a) shows net moment on triangles having two bonds of
same strength, and one bond different from the others (HABH,1). (b) shows moment of triangles having all three bond strength different from
each other (HABH,2). Panel (b) occurs if two ABH are adjacent. We find thatpanel (b) is not qualitatively different from panel (a), so in the case
where most ABH are dilute, getting some adjacent ABH does not give any qualitatively new effects, and we can safely ignore it below.

energy expression, and solving their minima, we obtain:
(1) For HABH,1 (isolated ABH):

δABH,1 =
{−π

3 for �J < −0.5,

i

(
loge(4) − loge

(
(i+√

3)
(
−i−i�J+

√
(1+�J )2(3+4�J (2+�J ))

)
2(1+�J )2

))
for �J > −0.5.

(D4)

The net moment of the triangle can be computed as

mABH,1 = 1 + 2 cos

(
4π

3
+ δABH,1

)
=

{
−1 for �J < −0.5,

�J
1+�J for �J > −0.5.

(D5)

FIG. 11. Canting due to the ABH disorder: Red and green bonds are stronger (J + �J) and weaker (J − �J) bonds, respectively, with the
choice of �J/J = 0.25 for all figures. The black arrows on the kagome vertices represent the spins of the corresponding antichiral order. The
blue arrows on the centers of each triangles represent the net moment of the corresponding triangles. Panels (a) and (b) show two different
possibilities of ABH with red or green bond being on the top of the hexagon, respectively. The two configurations are related by a C3 symmetry.
Four figures on each row show different configurations due to φ1 = π/2, 5π/6, π, 3π/2. Note that the blue arrows (net moments) always
forms a vortex configuration with vorticity −1.
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Calculating the energy for such canted state we obtain

EABH,1 ≈ −3J

2
− �J

2
− (�J )2

2J
. (D6)

The first-order term cancels out when averaged over triangles with strong and weak bond, leaving only the second order term.
So the energy per bond is modified from J/2 to J/2 − (�J )2/6J .

(2) For HABH,2 (adjacent ABH):

δABH,2 =
{−π

3 for �J < −0.4,

tan−1

(√
3
(
−2+�J (�J−1)+

√
(1+�J )2(2+�J )(2+5�J )

)
(

2+�J−(�J )2+3
√

(�J+1)2(�J+2)(5�J+2)
)

)
for �J > −0.4.

(D7)

The net moment of the triangle is given by

mABH,2 = 1 + 2 cos

(
4π

3
+ δABH,2

)
=

{
−1 for �J < −0.4,

3�J
2+2�J for �J > −0.4.

(D8)

Note that the qualitative results obtained in the above two
cases are very similar. The difference lies in the detailed
values of the canted moment. In Fig. 10, we plot the net
FM moment of the triangle for the both the kinds of dis-
order. In Fig. 11, we show the FM canting of the triangles
surrounding the ABH (star of David). Note that due to a

C3 symmetry of the ABH hexagon, the canted configura-
tion also has a C3 rotation symmetry, leading to zero net
moment on each such hexagons. Interestingly, the canted
moments due to ABH forms a vortex configuration with vor-
ticity −1, which is a consequence of the underlying antichiral
pattern.
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