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High-field magnetic ground state in S = 1
2 kagome lattice antiferromagnet ZnCu3(OH)6Cl2
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Herbertsmithite ZnCu3(OH)6Cl2 is a kagome lattice antiferromagnet with spin-1/2 and has been demonstrated
to be a likely candidate of spin liquid by a number of recent experiments. The high-field magnetization of the
kagome lattice is complicated due to the presence of a few percent of extra Cu impurities sitting on the interlayer
metallic sites. To determine the magnetic ground state of the kagome lattice, we measured the magnetization of
a single crystalline ZnCu3(OH)6Cl2 using torque magnetometry down to the base temperatures 20 mK in intense
magnetic field as high as 31 T. The high-field intrinsic magnetization from the kagome lattice turns out to be
linear with magnetic field, and the magnetic susceptibility is independent of temperature at 20 mK � T � 5 K.
Moreover, below 2 K, several field-induced anomalies are observed in between 7 T and 15 T.
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An exciting field of modern condensed matter physics is
the quantum spin liquid, in which strong frustration leads
to the lack of magnetic ordering and the emergence of
novel physical phenomena in the ground state. The S =
1/2 Heisenberg antiferromagnetic model on the kagome
lattice is considered to be a likely place to find quantum
spin liquids, which has been attractive in condensed matter
physics [1–3]. One of the best candidates of quantum spin
liquid is herbertsmithite [ZnCu3(OH)6Cl2], which consists of
kagome planes of Cu2+ with antiferromagnetic interactions
and interplane nonmagnetic Zn atoms [4]. Although the
superexchange antiferromagnetic interaction is as strong as
J ∼ 17 meV [5], there is no sign of magnetic transition nor
long range magnetic order down to ∼50 mK [6]. Also, recent
results of neutron scattering measurements indicate that spin
excitations form a continuum [7], which is consistent with spin
liquid states [8,9].

On the other hand, recent calculation results of density
matrix renormalization group (DMRG) suggest that, in fact,
the ground state of the kagome Heisenberg model is a
gapped spin liquid [10], while current experimental results are
consistent with gapless or very small gapped spin liquid states.
To elucidate the nature of the ground state, magnetization of
single crystalline samples at base temperature bears crucial
insights. However, measuring magnetization at low tempera-
tures suffers from the Curie-Weiss contribution of impurities,
which originate from a few percent of excess Cu2+ ions
on interplane Zn sites [11]. From Knight shift measurement
on the herbertsmithite samples [12], intrinsic contribution is
considered to be much smaller than contribution from impurity
at very low temperature. While recently g-factor anisotropy
and magnetocaloric anisotropy are measured using a high
quality single crystal [13], separation of contribution from
impurity and from kagome remains a challenging task. In
this paper, we applied torque magnetometry to the magnetic
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ground state in intense magnetic field, in which the impu-
rity contribution should saturate. A number of field-driven
anomalies were observed at magnetic field ∼7–15 T, which
may originate from intrinsic kagome spins. Furthermore,
the magnetic susceptibility at higher field is found to be
independent of field as well as temperature.

We used torque magnetometry to measure magnetization
anisotropy of the sample [14]. Tilt angle φ is the angle between
the c axis of herbertsmithite (the normal axis of the kagome
plane) and the magnetic field [Fig. 1(a)]. Torque is described
as follows:

�τ = μ0V �M × �H. (1)

And the amplitude of torque τ is found [15] to be

τ = Mpμ0HzV − Mzμ0HpV, (2)

where V is the sample volume, Mp is the magnetization in
plane, Mz is the magnetization along the crystalline c axis, Hz

is the magnetic field projected along the c axis, and Hp is the
magnetic field projected in the kagome plane. We note that
in the low-field limit magnetization is proportional to the sus-
ceptibility, as Mp = χpHp and Mz = χzHz. Therefore, in the
low-field limit, Eq. (2) leads to τ ∼ μ0�χH 2V sin φ cos φ,
where the susceptibility anisotropy �χ = χp − χz is the
difference between the c-axis susceptibility χz and the in plane
susceptibility χp.

ZnCu3(OH)6Cl2 was grown with powder samples that were
first synthesized inside a sealed quartz tubing and transported
under a temperature gradient in a three-zone furnace for
crystallization [16]. We measured two samples, sample A
(volume ∼0.3 mm × 0.3 mm × 0.4 mm) and B (volume
∼0.1 mm × 0.1 mm × 0.2 mm). Based on x-ray anomalous
dispersion spectroscopy [11], there are 15% interlayered Cu
in sample A, and 25% interlayered Cu in sample B. None of
the samples show signature of Zn mixing into the Cu kagome
plane. This is in contrast to the case in powder samples in
which NMR studies found that there was Zn mixing into the
Cu kagome plane [17]. Each sample was mounted on thin
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FIG. 1. (Color online) (a) Sketch of cantilever setup of torque
measurement. A sample is mounted to the tip of a metallic cantilever.
The tilt angle is defined by the angle between the field �H and the
kagome lattice normal axis (z axis). The torque τ generated by the
sample �m × �B is along the axis coming out of sketch page, and the
torque deflects the cantilever so that the capacitance changes between
the metallic cantilever and the gold film underneath. (b) The torque
responses from herbertsmithite sample A in selected T between 0.3 K
and 30 K. The tilt angle φ = 20◦.

cantilevers with c axis facing up and the magnetic torque was
measured capacitively, as shown in Fig. 1(a).

Example curves of the field dependence of the magnetic
torque τ are shown in Fig. 1(b), measured on sample A at
selected temperatures T between 0.3 K and 30 K. The tilt angle
φ is 20◦. In Fig. 1(b), the positive sign of τ is consistent with the
sign in Eq. (2), which means that the torque component from
the c-axis magnetization MzHp is smaller than that from the in-
plane magnetization MpHz. As shown in Fig. 1(b), the torque
response becomes quadratic at higher T and torque changes
sign around T ∼ 15 K. Those facts are consistent with previous
measurements [13,18] in which the c-axis susceptibility χz was
shown to be slightly larger than the in-plane susceptibility χp

at T � 15 K.
At low T , the τ -H curve shows two sets of interesting

features: (1) τ -H is nonmonotonic; (2) at μ0H ∼ 8 T, a
number of kinks are observed in the τ -H curves. We focus
on the kinks that suggest magnetic-field-driven anomalies,
then analyze the magnetization curves in intense magnetic
fields. The high-field magnetic susceptibility is found to be
H independent and T independent (Pauli-like) in the S = 1

2
kagome system below 5 K.

The field-driven anomalies are emphasized by taking
derivatives of torque τ with respect to field H . Figure 2(a)
shows the angular dependence of derivative dτ

dH
from φ = −3◦

to 74◦ at 0.3 K. In high magnetic fields, we have observed four
possible field-induced anomalies. They are marked by two
pairs of arrows, at μ0H ∼ 7 T and 10 T, and μ0H ∼ 13 T and
15 T. The first pair is so pronounced that there are clear slope
changes in the τ -H curves in Fig. 1(b).

The anomaly fields are almost independent of the magnetic
field orientation, which is consistent with the Heisenberg
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FIG. 2. (Color online) (a) Derivative dτ

dH
vs field H of herbert-

smithite sample A at selected tilt angles φ. The signal is normalized
to crystal formula unit. (b) Temperature dependence of the derivative
dτ

dH
, at φ ∼ 20◦. For clarity, the curves are vertically displaced and

the origin of each curve is marked by the dashed lines near zero
H . The anomaly fields show almost no dependence of tilt angle and
temperature.

model. As the field tilt angle changes from −3◦ to 74◦, the
peaks and dips shift as little as 1 T, compared with the anomaly
field values on the order of ∼10 T. Moreover, measurements
at different T show that the anomaly fields are almost T

independent. Figure 2(b) shows the dτ
dH

vs μ0H at selected
T between 0.3 K and 10 K. The field locations for these
anomalies do not show noticeable changes for T < 1 K. The
pair of higher-field features (13 T and 15 T) disappear at
T > 1.2 K, while the pair of lower-field features disappear
at T > 1.6 K. Below 2 K, all the anomaly field values are
almost T independent. For sample B, we further cool down to
20 mK. The derivative dτ

dH
is almost independent of T between

20 mK and 330 mK.
The trend of low T torque signal is consistent with earlier

magnetization measurements [13]. We find that the increase
of the magnetization contribution from impurity would make
the torque signal more positive, whereas the increase of the
kagome plane magnetization would make the torque signal
more negative. In the earlier magnetization measurements [13]
at 1.8 K � T � 300 K, (χz/χp)imp < 1 and (χz/χp)kagome>1.

To further understand the competition between Mz and Mp,
we look at the effective transverse magnetization MT , which
is defined as

MT = τ

μ0HV
. (3)

The resulting MT curves are shown in Fig. 3(a). Above 1 K
at zero field the slope of the MT vs H curves increases
greatly as T decreases, following the Curie-Weiss law, which is
consistent with early results [12,19]. At higher fields, the slope
becomes negative, because the intrinsic kagome moments
prefer to stay along the crystalline c axis, i.e., have larger
contribution from Mz. Furthermore, the fact that the slope
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FIG. 3. (Color online) (a) Effective transverse magnetization MT

vs magnetic field H of sample A at H up to 18 T at φ = 20◦. MT is
defined as τ/μ0HV . (b) The MT vs H curve of sample B at H up to
31 T at T = 0.3 K and φ ∼ 65◦.

above 10 T does not change when T increases suggests that
the intrinsic magnetic susceptibility from the kagome lattice
is T independent below 5 K.

To further illustrate this point, the effective magnetic
susceptibility is defined as χeff ≡ 1

μ0

dMT

dH
. Figure 4(a) displays

χeff vs field H using the 31 T data shown in Fig. 3(b). At
H � 15 T, χeff stays constant at T � 5 K. We have measured
the high-field χeff in the sample B in two temperature ranges,
first above 300 mK using a Helium-3 refrigerator, and then
down to 20 mK taken in a dilution-refrigerator. Figure 4(b)
displays the T dependence of the absolute value of the
high-field susceptibility χeff , which is the slope of the MT vs
H curves at H � 15 T. As shown in Fig. 4(b), the high-field
magnetic susceptibility is almost independent of T below 5 K.
This is consistent with the presence of a spinon Fermi surface
as is also observed in triangular organic antiferromagnetic
systems [20].

We note that the effective magnetic susceptibility detects
only the anisotropic part of the magnetic susceptibility.
Assuming the anisotropy stays the same for the kagome
lattice at different H , we infer that the magnetic susceptibility
itself is T independent and H independent in the intense
fields. In triangular organic antiferromagnetic systems [20],
torque measurement has demonstrated that the intrinsic mag-
netic susceptibility is proportional to the effective magnetic
susceptibility.

Figure 4(c) summarizes the phase diagram of herbert-
smithite. At μ0H < 7 T, the magnetic signal of herbertsmithite
consists of the kagome plane signal Mz and the impurity con-
tributions Mimp from the interlayered Cu magnetic moments.
The impurity contribution quickly saturates as H increases.
As H increases to 7 T, the magnetizations of all the impurities
become constant. At 8 T < H < 16 T, we observe that two
pairs of field-induced anomalies are independent of T at
20 mK � T � 1.6 K.

Discussion. For Cu spins with g factor of 2, 10 T magnetic
field corresponds to ∼0.07J , where J is the exchange energy

μ0H (T)
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FIG. 4. (Color online) (a) Effective magnetic susceptibility
χeff ≡ dMT

μ0dH
is plotted as function of field H up to 31 T for sample

B. For curves at T � 5 K, χeff is found be to constant at fields above
15 T. (b) The temperature T dependence of the absolute value of the
high-field χeff of the kagome lattices. The red solid circles are from
the torque measurements performed in a dilution refrigerator (marked
as dil-fridge) up to 18 T. The blue squares are the effective magnetic
susceptibility data in a Helium-3 refrigerator (marked as He-3 fridge)
as in panel (a). (c)The T -H phase diagram of herbertsmithite obtained
from torque measurement. Two pairs of solid lines are eye guides
drawn for the field-driven anomalies. Arrows indicate whether the
field corresponds to the minimum (down) or maximum (up) in the
dτ/dH curve. In the low-field shaded area, the magnetic torque from
both impurity and the intrinsic contributions are mixed. In the field
range 7–10 T, the impurity contribution is fully saturated. At H above
10 T, the magnetization change arises mainly from the kagome plane.

of this material. It is worth emphasizing that the strong applied
field introduces a Zeeman energy of ∼0.1J . This complicates a
direct comparison with theories considering only a Heisenberg
term [10]. A recent high-field specific heat study on a single
crystal herbertsmithite indicates a strong field dependence
below 9 T which significantly weakens from 9 T to 18 T [21].
This corroborates with our torque measurements, both of
which are consistent with herbertsmithite entering a high-field
regime at μ0H > 10 T.

Our field-induced anomalies extend from 20 mK to 1.6 K
and stay at certain field magnitudes. This is distinct from
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those observations in NMR on powder samples [22], which
have field dependent transition temperatures that stay below
0.6 K up to 12 T. The origin of the anomalies is still an
open question. These anomalies can arise from the interlayered
Cu magnetic moments, potentially through coupling with the
kagome planes. The caveat of this simple explanation is that
the anomaly fields are not correlated with the concentration
level of the interlayered Cu.

At low T , the T -independent kagome-intrinsic suscepti-
bility is consistent with a spinon Fermi surface state at high
fields. Similar behaviors have been observed on an organic spin
liquid featuring a triangular spin lattice [20]. The existence
of a spinon Fermi surface at high fields is also supported
by the large � term of specific heat in high fields [21], as
well as the early 17O NMR studies [23]. The latest theories
predict magnetic ordering at higher field [24], including a
field-induced spontaneous breaking of spin rotational sym-
metry on a kagome gapless Dirac spin liquid [25]. The
transition temperature and ordered moment both scale with the
applied field, at odds with our torque data and the high-field
specific heat measurements [21]. For a kagome spin lattice, a
magnetization plateau may exist at 1/9 of the saturation [26],
which corresponds to μ0H ∼ 50 T [21], much higher than our
anomaly fields. We further note that the anomaly fields stay
almost the same as �H changes from along the c axis to the
ab plane, suggesting the Heisenberg symmetry is behind these
anomalies.

Although being dominated by an isotropic Heisenberg
exchange, the actual spin Hamiltonian of herbertsmithite is
complicated by perturbations. The leading terms are likely the
Dzyaloshinskii-Moriya (DM) interaction [18,27,28], easy-axis
anisotropic exchange energy [13], and coupling energy to the
impurities [11], whose magnitudes are consistent with the
10% variation of the anomalous field values when rotating
the crystal in field. Other perturbations are present but may be
smaller, such as kagome-kagome direct coupling and second-
nearest-neighbor interaction in plane [29]. In the T → 0 K
limit, the DM interaction, for various combinations of in-
plane and normal-to-plane components, causes an increasing
easy-axis magnetization anisotropy [30,31]. The quantitative
determination of this is hampered at T < 30 K by the spin-
cluster size. Differently, the effect of an exchange anisotropy
on magnetization anisotropy shows a vanishing tendency as
T → 0 K. The combined effect of easy-axis kagome-intrinsic

magnetization anisotropy due to the DM term and the easy-
plane magnetization anisotropy of the impurities, both of
which are on the order of 10%, might explain the weak sample
magnetization anisotropy at low T .

The anomaly fields are comparable to the energy scale
of major perturbations. The closeness in energy may have
produced those two pairs of anomalies and opened up new
possibilities to explain the nature of the observed crossovers.
Additional theories which include at least one of the major
perturbations on a large lattice cluster are strongly desired.
Further, torque magnetometry is only sensitive to magneti-
zation anisotropy. A better understanding of our torque data
requires a precise determination of uniform susceptibility in
the same temperature and dc field ranges. When quantum
fluctuations and geometric frustration prohibit the system
from long-range spin ordering, the dynamic spin correlations
at low frequencies contain essential clues which provide
supplementary information to thermodynamic studies. This
calls for further neutron scattering experiments at low energies
and high fields. Both works are currently in progress.

Conclusion. We studied the high-field magnetic torque
of kagome lattice single crystalline ZnCu3(OH)6Cl2 and ob-
served field-induced anomalies. The field-induced anomalies
that are observed between 7 T and 15 T hint at subtle changes
to the correlations of the moments of interlayered Cu. The
effective magnetic susceptibility is almost independent of
temperature at 20 mK � T � 5 K at intense magnetic fields,
indicting a gapless spin liquid state.
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