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Finding distinct signatures of a quantum spin liquid (QSL) is an ongoing quest in condensed matter physics,
invariably complicated by the presence of disorder in real materials. In this regard the two-dimensional kagome
system YCu3(OH)6[(ClxBr(1−x) )3−y(OH)y] (YCOB-Cl), where the vast mismatch in size of Y and Cu avoids
substitutional disorder, otherwise present in kagome materials, has emerged as a favorable candidate. In crystals
of this system, with x < 0.4 and no long-range order, we report an unusual field-dependent magnetization M(B),
where M/B changes linearly with |B|, the absolute value of the field, in contrast to the expected quadratic
behavior. Model calculations with a distribution of ferromagnetic (FM) clusters faithfully capture the observed
features. YCOB-Cl exhibits a field-enhanced T 2 heat capacity expected in certain spin-liquid models. However,
a concomitant linear T behavior in the spin susceptibility has been lacking. Our work suggests that FM clusters,
by dominating the contribution to the susceptibility, mask the true underlying behavior.
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Introduction. The search for quantum spin liquids (QSLs)
in recent decades has encompassed a variety of material sys-
tems. To ensure that no long-range order develops down to the
lowest temperatures, to stabilize a QSL, a general focus has
been on those systems where frustration is predominant. In
this respect two-dimensional (2D) or quasi-two-dimensional
kagome systems with magnetic atoms at the corners of tri-
angles are ideal candidates to host novel quantum spin-liquid
ground states. Following this suggestion considerable effort
has been devoted to studies on systems such as herbert-
smithite [1]. However, materials such as herbertsmithe suffer
from the fact that Cu can replace some of the Zn ions which
are outside the kagome planes. The high concentration of local
moments thus created obscure the physics associated with the
putative spin liquid [2]. Recently, a number of groups have
studied a new class of materials where Y takes the place of Zn.
Due to the large difference in ionic radii, the substitution of Y
by Cu does not take place and the local moments are largely
suppressed. An example is the perfect quantum kagome anti-
ferromagnet (AFM) YCu3(OH)6Cl3, which has a Heisenberg
AFM exchange of the order of 100 K. Unfortunately this
compound shows a rapid rise in the magnetic susceptibility
at 12 K which has been interpreted as a possible magnetic
transition [3]. While this system is well described by the 2D
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nearest-neighbor kagome antiferromagnetic (KAFM) model
where no magnetic transition is expected, the out-of-plane
Dzyaloshinskii-Moriya (DM) interaction is significant in this
material and could be the perturbation that causes magnetic
order, as predicted by theory [4–7]. A partial replacement
of Cl by O in the compound YCu3(OH)6OxCl(3−x) with
x = 1/3, does not exhibit any static magnetic order [8]. This
could be due to the role of the disorder introduced by the
O substitution. Yet another related compound Y-kapellasite,
Y3Cu9(OH)19Cl8, has also been under intensive study [8–10].
Here, the unit cell is tripled, the kagome bonds are distorted
in an ordered way, and the AFM transition is suppressed to
2.1 K. These results are in broad agreement with theoretical
expectations [11].

In efforts to further suppress the magnetic order, recently,
a new class of compounds, YCu3(OH)6Br2[Br1−y(OH)y],
which we will refer to as YCOB, where the Cl in the “perfect”
kagome compound has been replaced by a combination of
Br and OH, have been discovered and shown not to order
down to 50 mK [12]. The compound YCOB can be made with
varying y. Extensive studies of the heat capacity C and linear
magnetic susceptibility χ in high-quality single crystals of
this new system have been studied in detail for y = 0.67 [12]
and y = 0.5 [13]. An important finding is that C/T shows
a linear T dependence at low T . Furthermore, C/T unex-
pectedly increases with an applied magnetic field H , giving
rise to a linear in H term beyond a threshold field. Neutron
scattering also shows anomalous behavior which supports
novel magnetic behavior [14] akin to a spin-liquid state. In
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addition, the magnetic susceptibility χ departs from a Curie-
Weiss behavior at low temperatures, rises rapidly, and exhibits
a tendency to saturate at a finite value at T = 0. This novel be-
havior inspired us to examine the magnetization curve in this
family of compounds in greater detail. This family is further
expanded by the partial substitution of Br by Cl, resulting in
YCu3(OH)6[(ClxBr(1−x) )3−y(OH)y], which we will refer to as
YCOB-Cl.

We note that these compounds are not completely with-
out disorder. They are known to have disorder of a special
kind [13] where the OH replaces the Br sites randomly above
and below the hexagons formed by the Cu, which causes
the exchange interaction around the hexagon to alternate in
strength. The same kind of bond alternation is found in the Y-
kapellasite Y3Cu9(OH)19Cl8 mentioned earlier, except that in
that case the alternation appears in a periodic manner, leading
to a complicated AFM ordering. It is not known how this bond
disorder affects the properties of YCOB-Cl. These questions
further motivate the studies reported here.

Generally speaking, disorder is expected to give rise to
local moments with random coupling [15]. This leads to the
so-called random singlet model (RSM), where the local mo-
ments are progressively paired up into singlets leaving behind
fewer and fewer free spins as temperature is reduced. The
main consequences of RSM is that C/T and χ are predicted to
go as T −γ where γ is an exponent with a typical value of 0.2–
0.5. Recently Kimchi, Sheckelton, McQueen, and Lee [16]
showed that the scaling exhibited in RSM (originally devel-
oped to explain behavior of isolated spins in Si:P) survives
even with strong spin-orbit coupling and the presence of sig-
nificant DM interactions. In this model the magnetization is
expected to scale as

M[B, T ] ≈ B1−γ F M
q [T/B]. (1)

For B/T � 1, the scaling function F M
q [T/B] ∼ (T/B)−γ ,

and one expects the ratio M/B to lowest order is field in-
dependent and to next order in B/T is quadratic. This is
strictly necessary for any finite system, such as a model of
isolated singlet pairs, where there can be no singularity. Thus,
there is a B2-dependent perturbation to the ratio, M/B. In the
following we present our surprising experimental finding of a
leading linear |B| field dependence that extends to |B|/T � 1.
This nonanalytic behavior, of course, cannot continue to zero
field, but our finding is that it extends to a surprisingly small
|B|/T ratio. This signals the failure of the random singlet
model. The failure can be seen in M/B (plotted against both
the experimental field, and the reduced magnetic field) being
predominantly linear as presented in Fig. 1. The inset of Fig. 1
(bottom panel) shows the negative linear scaling produced
with a small exponent γ = 0.2. The linear rather than the ex-
pected quadratic behavior is predominant. A second case for
the failure of RSM comes from the observation that C/T goes
to zero as T , instead of diverging as T −γ prescribed by the
model. Thus we conclude that the randomness in YCOB-Cl
is rather different from that assumed in RSM. It is quite pos-
sible that the bond randomness in YCOB-Cl is very different
from the irregular arrangement of local moments due to the
substitution of Zn with Cu one finds in herbertsmithite where
RSM seems to work. This failure of the random singlet model

FIG. 1. Magnetization M/B isotherms obtained on the pure
bromine sample. Top: M/B vs B at different temperatures as in-
dicated. The slopes at high temperature are nearly zero but turn
rapidly negative and diverge strongly as T → 0. Similar isotherms
are obtained on the 21% and 30% chlorine-doped crystals (see Sup-
plemental Material [17]). We also verified that both field-cooled (FC)
and zero-field-cooled (ZFC) procedures gave identical isotherms.
Bottom: M/B plotted against a dimensionless ratio of magnetic field
and temperature. Inset: Same data as in the bottom main panel to
show that the curves collapse when scaled by T 0.2.

requires an alternate approach. Addressing a comprehensive
set of magnetization measurements on a range of samples with
different concentrations of Cl in the present Letter enables us
to propose such an approach, phenomenologically, involving
clusters of ferromagnetically aligned spins.
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FIG. 2. Slopes of the linear region in plots as in Fig. 1 as a func-
tion of temperature for all three compositions of chlorine 0% (green
circles), 21% (black squares), and 30% (red triangles). The green
circles are from a theoretical model of adding the magnetization of
free spins with moments up to S = 4 as explained in detail in the text.
The inset shows the extended linear region of the isotherms used to
extract the slopes (green circles main panel) in the model.

In our experiments we use single crystals of YCOB-Cl,
YCu3(OH)6[(ClxBr(1−x) )3−y(OH)y], synthesized by a hy-
drothermal method similar to those reported previously [12].
In this method the ratio between Cl and Br can be continu-
ously tuned and we obtain hexagonal plates with the in-plane
diameter up to 1.3 mm and the Cl-doped samples being up
to 1 mm thick. All the crystals were further ultrasonically
cleaned in water to remove possible impurities attached to the
surfaces of the crystals. Magnetization measurements were
carried out on a Quantum Design magnetic property mea-
surement system employing a sample holder traversing both
halves of the static superconducting quantum interference
device (SQUID) detection coils to eliminate the background
contribution to the measured moment. No hysteresis was ob-
served within the field range of the data reported in this Letter
(B > 0.1 T) on all samples (pure Br, 21% Cl, and 30% Cl).

In Fig. 1 we show the magnetization isotherms measured
on the pure Br sample plotted as M/B against the field B,
oriented parallel to the hexagonal plane, so that we can remove
the linear term and highlight the nonlinear response. Such
plots enabling separation of the nonlinear part from the initial
linear magnetization in paramagnetic systems or in the non-
ordered state are normally displayed as M/B vs B2. The
slope of the resulting plots provide the third-order suscepti-
bility [18–21]. The occurrence of a negative linear term in
plots of M/B vs B down to the lowest fields as seen here is
very unusual and unique and suggests a nonanalytic behavior
of the magnetization. It is also clear that the negative slope in
Fig. 1 increases rapidly towards low temperature. The slopes
obtained from linear fits to these isotherms are shown as a
function of temperature in Fig. 2. In addition to the pure

Br sample measurements of isotherms were also carried out
on samples doped with 21% and 30% Cl replacing the Br.
These samples also exhibited the same behavior and Fig. 2
displays the results obtained on the slopes of the M/B vs B
isotherms on these samples as well. The remarkable similarity
of the nonlinear contribution irrespective of the Cl doping
attests to the robust nature of this unusual quadratic response
and also implies that the same type of disorder is at play
irrespective of Cl doping.

In Fig. 2 we also present the slope of the linear region of
plots of M/B vs B obtained through model calculations with
ferromagnetic clusters. In these calculations the magnetiza-
tion is given by a sum over small cluster contributions,

M =
8∑

2S=1

n(S)gμBSBS (x), (2)

where S is the spin of the clusters. BS (x) is the Brillouin
function, n(S) is the weighting factor for a cluster with spin
S, and the parameter x is

x = SgμBB

kBT
. (3)

The density n(S) of each spin cluster was adjusted to
produce the largest linear region in M/B vs B. This maximiza-
tion was attempted empirically using simple monotonically
decreasing functions n of the form n(S) = S−a (with a a
natural number) to represent the weighting of each possible
spin cluster up to S = 4. A value of a = 3 provided reasonable
model results that closely followed the data as shown by the
green dots in Fig. 2. We also tried other models that included
larger spin clusters (up to S = 12) and also other distributions
for the spins. But the results were not significantly better than
the simple model presented here.

While Fig. 2 shows that the model successfully captures
the size as well as the temperature dependence of the B linear
slope in M/B, a closer examination of the results shown in
the inset and its comparison with the data shown in the lower
section of Fig. 1 reveals two inadequacies. First, the linear
behavior of the model calculation extends only to µB/kT
of about 0.25 whereas the data extend down to about 0.1.
Second, while the theory does not include the background
contribution from the spins outside the cluster and the absolute
value of M/B cannot be directly compared, we should be able
to compare the difference in M/B between the lowest and a
relatively high temperature, such as 10 K. For this difference
the theory gives about 0.5 mµB/Cu T while the data are about
2.5 mµB/Cu T , about a factor of 5 larger. For the first point we
note that in our model the usual B2 correction to M/B changes
over to linear B at a scale given by μB/kT ≈ 1/S. Thus the
linear region can be extended further by assuming clusters
of S > 4. These large spin clusters will also increase the size
of the temperature dependence of M/B and can help improve
the disagreement in the amplitude noted for the second point.
However, in order to include larger spins while maintaining
the good agreement of the linear slope shown in Fig. 2, it will
be necessary to introduce more parameters to characterize the
spin distribution. We did not pursue such elaborate modeling
and prefer to stay with a simple power-law distribution to
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FIG. 3. Anisotropy of the linear and nonlinear magnetization
responses of the 30% Cl sample. Results for three separate tempera-
tures are shown, each arranged in vertical panels. The bottom panel
shows the unscaled raw data for the B ‖ c axis (blue) and B ⊥ c axis
(red). In the middle panel the B ⊥ c-axis data is scaled up to match
the B = 0 values (linear susceptibility scaling). In the top panel the
nonlinear susceptibilities merge when the B axis for the B ⊥ c axis is
scaled by a scaling constant labeled as NL (nonlinear) in the figure.
For T = 3.3 K the vertical scale begins as shown on the left but is
expanded by a factor of 2. The scale on the right applies only to the
9.0-K data.

make the point that FM clusters are the primary cause to
account for the data.

As a further test of the above model we explore the behav-
ior of the nonlinear term with the orientation of the magnetic
field with respect to the crystal axes. In Fig. 3 we show the
isotherms M/B vs B for both orientations of the magnetic
field at three different temperatures (T = 1.9, 3.3, and 9.0 K).
Isotherms for the two orthogonal orientations, B ‖ c axis and
B ⊥ c axis, are displayed stacked in a set of three vertical pan-
els. The bottommost panel displays the raw data, i.e., the M/B
vs B values as measured. In the middle panel, we scale only
the isotherm for the B ⊥ c axis to match the linear suscepti-
bility (i.e., M/B values as B tends to 0). This is done by the
linear scaling factor displayed in the middle panel. Next, in the
topmost panel we scale the magnetic field of the B ⊥ c-axis
data so as to collapse the two curves. This is the scaling of the
nonlinear contribution to the susceptibility that arises due to
g-factor anisotropy. Evidence for such anisotropy comes from
magnetization studies reported earlier [12] and from recent
ultrahigh-field measurements where both the magnitude and
onset of the 1/9th plateau depend on crystal orientation [22].
This procedure yields the NL scaling term as displayed in
the figure. The anisotropy of the linear susceptibility, as per
Eq. (2), is proportional to the square of the g-factor anisotropy,
since the function BS (x) is approximately x for small x, which
itself is linear in g. Further, since BS (x) is a function of g · B, in
order to preserve the scaling of M, the magnetic field has to be
scaled inversely as the g factor. Since the linear susceptibility

FIG. 4. Linear scaling and nonlinear scaling factors as obtained
from the procedure shown in Fig. 3. Results for samples with two
different Cl concentrations, 21% and 30%, are shown. The nonlinear
scaling factor is reduced by a square-root factor from the linear one
as expected from the FM cluster model.

scales as the square of the g factor, the magnetic field scaling
the magnetic scaling has to employ its square root. We tested
for this in the experimental data and the results for the 21%
and 30% chlorine samples are shown in Fig. 4. The square-
root scaling is obeyed satisfactorily in the low-temperature
region. In performing the above anisotropy scaling analysis
we subtracted the field-independent M/B values at 25 K as a
high-temperature background not arising from the FM clus-
ters. The details of this subtraction procedure are presented in
the Supplemental Material Fig. S7 [17].

Discussion. In the above we have presented com-
prehensive magnetization results on a new system,
YCu3(OH)6[(ClxBr(1−x) )3−y(OH)y], in which Cl replaces
Br. This substitution as well as the presence of the (OH)−
ions necessarily introduces disordered spins which could
cluster. These clusters make their own imprints on the
measured magnetic response. Indeed, in our experiments
on samples with x < 0.4 we find that the leading order
correction to the magnetization divided by B is linear in
|B|. This unusual nonanalytic behavior of the nonlinear
susceptibility, which extends to low magnetic fields ≈0.1 T,
appears to be concomitant with an abrupt or sharp departure
of the linear χ from a Curie-Weiss behavior seen in many
candidate QSL systems. In these systems typically below the
temperature range 20–25 K, χ starts to rise rapidly, signaling
an enhanced FM behavior.

Indeed, in analysis of our data we develop a model based
on a distribution of FM clusters. These clusters dominate the
contribution to spin susceptibility but contribute only a small
amount to the specific heat. We can justify further by making
an estimate of the volume fraction of spins that participate
in this clustering process (refer to the last section of the
Supplemental Material [17]). This fraction is of the order of a
few percent depending on the Cl concentration. We note that
this clustering process is dynamic and hence although they are
ferromagnetic in nature we do not expect to see any hysteresis
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as indeed demonstrated in our experiments (Figs. S2 and
S3 [17]). Since disorder-driven formation of FM clusters in
strongly frustrated magnets can be widespread, the insights
gained from this work should assist in a better understanding
of other QSL candidate materials as well [23,24]. Our work
may also be relevant to cold-atom lattice experiments simu-
lating frustrated many body Hamiltonians [25,26].
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