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One favorable situation for spins to enter the long-sought quantum spin liquid (QSL) state is when they
sit on a kagome lattice. No consensus has been reached in theory regarding the true ground state of this
promising platform. The experimental efforts, relying mostly on one archetypal material ZnCu3ðOHÞ6Cl2,
have also led to diverse possibilities. Apart from subtle interactions in the Hamiltonian, there is the
additional degree of complexity associated with disorder in the real material ZnCu3ðOHÞ6Cl2 that haunts
most experimental probes. Here we resort to heat transport measurement, a cleaner probe in which instead
of contributing directly, the disorder only impacts the signal from the kagome spins. For ZnCu3ðOHÞ6Cl2,
we observed no contribution by any spin excitation nor obvious field-induced change to the thermal
conductivity. These results impose strong constraints on various scenarios about the ground state of this
kagome compound: while certain quantum paramagnetic states other than a QSL may serve as natural
candidates, a QSL state, gapless or gapped, must be dramatically modified by the disorder so that the
kagome spin excitations are localized.

DOI: 10.1103/PhysRevLett.127.267202

Despite the theoretical appeal of exotic physics in quantum
spin liquid (QSL)—long-range quantum entanglement, frac-
tionalized excitations, and emergent gauge structures, the
material realization and experimental detection are inevitably
riddled with various sources of complications [1–5]. An
epitome of this situation is found in the study of the possible
QSL physics in herbertsmithite, ZnCu3ðOHÞ6Cl2 [6,7]. This
material has long been recognized as the most promising
candidate for an ideal quantum kagome Heisenberg anti-
ferromagnet (QKHA) [6,7]. As one of the most fundamental
questions in frustrated magnetism, determination of the
ground state of the QKHA model is challenging already
in theory, with numerical evidence supporting various
energetically proximate states, including valence bond crys-
tal [8] and gapless or gapped spin liquid [9–24]. Moreover,
there is the notorious issue of Cu2þ impurities in
ZnCu3ðOHÞ6Cl2, substantially complicating the interpreta-
tion of experimental results [6,7]. Therefore, it remains open
questions as to (i) whether and what QSL physics is realized
in ZnCu3ðOHÞ6Cl2; (ii) what is the role of disorder, and to
what extent it modifies the spins in the kagome plane.
Disorder has been a recurring thread in the study of QSL

physics [1–3,5]. For instance, the disorder associated with
the mixing of Mg2þ and Ga3þ has been argued to possibly

give rise to a mimicry of QSL behaviors in the triangular-
lattice QSL candidate YbMgGaO4 [25,26]. In the context
of ZnCu3ðOHÞ6Cl2, two possible sources of disorder are
the Cu substitution on the interlayer Zn sites, and Zn
substitution for kagome Cu sites [Fig. 1(a)] [6,7]. Unless
specified, we focus on the former, as the existence of the
latter remains controversial [27–30]. For most experimental
probes, the response can be expressed as A ¼ Aimp þ A�

kag,
where A is the measured quantity. Such a scheme has been
employed in various studies, where A can be the specific
heat C [23], the real part of the dynamic spin susceptibility
χ0 detected by the nuclear magnetic resonance (NMR) shift
K [30,31], or the imaginary part χ00 manifested as the spin
correlation function S in inelastic neutron scattering (INS)
[23] and the spin-lattice relaxation rate 1=T1 in NMR
[30,31]. The influence of the interlayer Cu2þ impurities is
twofold: (a) The impurity spins contribute directly to the
signal, as represented by Aimp. Usually, it is only possible to
separate out Aimp with novel experimental settings and/or
ingenious data processing [23,30]. This forms the main
reason why several thermodynamic, INS, and NMR results
have led to contradictory interpretations [23,30–41]. (b) The
impurity-generated disorder perturbs the environment of the
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kagome spins, alternating the intrinsic kagome spin contri-
bution Akag in the QKHA model to A�

kag [28,31,37]. The
evaluation of this effect also depends on a reliable subtraction
of Aimp. Note that, the case in which the two terms are
intertwined and the additivity fails can be incorporated into
(b). Unbiased comparison between the experimental results
on ZnCu3ðOHÞ6Cl2 and predictions from the QKHA model
is not possible without proper consideration of these two
aspects, which is highly nontrivial for most experimental
probes.
Heat transport measurement of the thermal conductivity κ,

on the other hand, is intrinsically free from a direct impurity
contribution κimp. This is evident in ZnCu3ðOHÞ6Cl2: First,
the impurity sites are dilute, forming nonpercolating spin
clusters with no long-range connectivity [23]. Second, the
impurity spins were argued to be exchange correlated
[23,28], giving rise to dynamical spin fluctuations dominat-
ing the low-temperature specific heat and low-energy INS
spectra [23]. However, the only role spin fluctuations are able
to play in heat transport is to diminish the thermal conduc-
tivity by scattering the heat carriers [42,43]. In other words,
for the impurity subsystem, there is no connected pathway
of any heat carriers, so that κimp ¼ 0. Therefore, heat trans-
port measurement on ZnCu3ðOHÞ6Cl2 probes only the
kagome spins in a surrounding matrix modified by disorder,
i.e., κ�kag. This makes the heat transport measurement, a

well-establishedmeans in the study of QSL physics [43–57],
particularly advantageous in the case of ZnCu3ðOHÞ6Cl2.
In this Letter, we performed low-temperature heat trans-

port measurements on high-quality single crystals of
ZnCu3ðOHÞ6Cl2 and a related kagome QSL candidate,
Zn-barlowite, Cu3ZnðOHÞ6FBr, recently argued to be
an even better realization of the ideal QKHA model
[29,58–62]. The absence of a contribution to the thermal
conductivity κ from itinerant spin excitations, and the
insensitivity of κ to the applied magnetic field, bear profound
implications on the possible ground state of these two QSL
candidates. Regarding the interplay between disorder and the
QSL physics of the kagome spins, previous studies held
opposing views, ranging from negligible or weak interplay
[23,30], to global symmetry-breaking structural distortions
due to local distortions effectively coupled through the
correlated kagome spins [28]. Our results unveil a more
dramatic manifestation of this interplay: either there are no
fractionalized spin excitations in the kagome plane at all; or
any kagome spin excitations, should they exist, must be
localized in real space.
Single crystals of ZnCu3ðOHÞ6Cl2 and Cu3ZnðOHÞ6FBr

were grown by a hydrothermal method as in Ref. [63]
and Ref. [60], respectively. In contrast to ZnCu3ðOHÞ6Cl2,
the kagome planes adopt a simple AA stacking in
Cu3ZnðOHÞ6FBr [58] (Fig. 1). The largest natural surface
of the as-grown single crystals of ZnCu3ðOHÞ6Cl2 and
Cu3ZnðOHÞ6FBr was determined as the (001) plane, i.e.,
parallel to the kagome planes, by Laue diffraction. Specific
heat was measured down to 80 mK using the relaxation
method in a Quantum Design physical property measure-
ment system equipped with a small dilution refrigerator.
Samples of ZnCu3ðOHÞ6Cl2 with dimensions of 0.87 ×
0.39 × 0.22 mm3 (sample 1) and 0.92 × 0.25 × 0.11 mm3

(sample 2), and a sample of Cu3ZnðOHÞ6FBr with dimen-
sions of 1.25 × 1.11 × 0.26 mm3, were used for the heat
transport measurements. Four silver wires were attached
to the (001) plane with silver paint. The heat current is
applied perpendicular to the crystallographic a axis for
ZnCu3ðOHÞ6Cl2 (sample 1), and parallel to a for
ZnCu3ðOHÞ6Cl2 (sample 2) and Cu3ZnðOHÞ6FBr.
Thermal conductivity was measured down to 50 mK in
a dilution refrigerator using a standard four-wire steady-
state method with two RuO2 chip thermometers, calibrated
in situ against a reference RuO2 thermometer. The mag-
netic field was applied perpendicular to the (001) plane in
both specific heat and thermal conductivity measurements.
The specific heat C of ZnCu3ðOHÞ6Cl2 in various

applied magnetic fields is displayed in Fig. 2. Compared
to previous reports, the specific heat below 0.5 K was
measured on single crystals in greater detail for the first
time. Although initially fitted to power laws and taken as
evidence of gapless spin excitations from the kagome spins
[32,33], the low-temperature specific heat was later argued
to be unable to reflect the kagome physics [23]. Our results

Cu3Zn(OH)6FBr

(a)

(b)

ZnCu3(OH)6Cl2

FIG. 1. Schematics of the ABC-stacked and AA-stacked ka-
gome planes of magnetic Cu2þ ions (blue spheres) separated by
nonmagnetic Zn2þ ions (gray spheres) in (a) ZnCu3ðOHÞ6Cl2 and
(b) Cu3ZnðOHÞ6FBr, respectively. The two sources of disorder
for both compounds are shown only in (a) for ZnCu3ðOHÞ6Cl2
and highlighted with red circles.
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are consistent with the scenario that the low-temperature
specific heat is dominated by the dynamical fluctuations of
the impurity spins [23] (see Sec. I in the Supplemental
Material [64]).
The thermal conductivity κ of ZnCu3ðOHÞ6Cl2 (sample 1)

invarious appliedmagnetic fields is displayed inFig. 3,while
the κ of ZnCu3ðOHÞ6Cl2 (sample 2) and Cu3ZnðOHÞ6FBr
are compiled in Sec. II in the Supplemental Material [64]. At
zero field, we fit the thermal conductivity data to κ=T ¼
aþ bTα−1 below 0.35 K, where the residual linear term
κ0=T ≡ a represents the contribution from the spin excita-
tions [43–56]. The fitting gives κ0=T ¼ −0.023�
0.003 mWK−2 cm−1, and α ¼ 2.14� 0.02. The lack of a
considerable positive κ0=T indicates no direct contribution
from fermionic spin excitations [43–56], and the value of
2 < α < 3 is typically attributed to specular reflections of
phonons at the sample surfaces [79,80]. However, the 0 T
curve shown in Fig. 3(a) evolves from a convex-downward to
a convex-upward shape with increasing temperature.
Inclusion of higher-temperature data points in the fitting
would further decrease the value of κ0=T and α. Indeed, we
show in Sec. III in the Supplemental Material [64] that the
absence of a residual linear term holds irrespective of the
temperaturewindow for the fitting. The thermal conductivity
is seen to be barely responsive to the applied magnetic field,
with the largest field-induced change no more than ∼8% of
the zero-field value, and only evident at higher temperatures,
as shown in Fig. 3(c). We demonstrate in Sec. IV in the
Supplemental Material [64] that the subtle field-induced
increase of κ is not from the direct contribution of kagome
spin excitations. Thedata curves undermagnetic field exhibit
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FIG. 2. The specific heat C of ZnCu3ðOHÞ6Cl2 in various
applied magnetic fields. Inset: Enlarged view of the low-temper-
ature part of the zero-field specific heat. The solid line shows the
fitting as in Ref. [23], representing the contribution from the
dynamical spin fluctuations associated with the impurity spins.
See Sec. I in the Supplemental Material [64] for more details.
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FIG. 3. The thermal conductivity κ of ZnCu3ðOHÞ6Cl2 (sample
1) in various applied magnetic fields. The solid line in (a) rep-
resents a fit to the zero-field data below 0.35 K by
κ=T ¼ aþ bTα−1. The inset in (a) schematically depicts the
setup for thermal conductivity measurements, where the four
leads in connection with the heater, the thermometers at the
higher- and lower-temperature end, and the heat sink are shown.
The heat current J flows along the path from the heater to the
sink. Note that for each silver wire, the silver paint was applied on
all possible surfaces to achieve better thermal contact. The inset in
(b) shows the relative direction of J, the direction of the applied
magnetic field H, and the crystallographic axes of a kagome
lattice. J is parallel to a� (i.e., perpendicular to a) for
ZnCu3ðOHÞ6Cl2 (sample 1). The field dependence of κ=T at
representative temperatures is shown in (c).

PHYSICAL REVIEW LETTERS 127, 267202 (2021)

267202-3



amore pronounced convex-upward shape and, consequently,
the fitting yields even more negative κ0=T and α abnormally
smaller than 2. We show in Sec. III in the Supplemental
Material [64] that the abnormal values of κ0=T and α are
actually strong evidence for additional scattering of phonons
by the magnetic degrees of freedom, as has been demon-
strated for other famous QSL candidates like YbMgGaO4

[47], α-RuCl3 [43,53], and EtMe3Sb½PdðdmitÞ2�2 [51,52].
Overall, in the two kagomeQSLcandidates ZnCu3ðOHÞ6Cl2
and Cu3ZnðOHÞ6FBr, for all the field values, there is no
direct contribution from kagome spin excitations to the
thermal conductivity.
These results are striking, considering the diverse spin

excitations predicted from the QKHAmodel and evidenced
by various experimental probes. We now discuss the
implications of our results on the possible ground state
of ZnCu3ðOHÞ6Cl2.
Gapless QSL.—Finite zero-temperature density of states

for low-energy spin excitations is expected when spinons
form a Fermi surface, giving rise to a finite κ0=T, which is
further modified to a diverging κ=T ∼ T−2=3 (T → 0) when
U(1) gauge fluctuations are present [65,66]. In the context
of ZnCu3ðOHÞ6Cl2, evidence of gapless spin excitations
from, e.g., NMR and terahertz conductivity [30,81], has
been connected to a U(1) Dirac QSL with fermionic
spinons, in which the gap only closes at the Dirac nodes
[9–17]. For μBH ≫ kBT (with μB the Bohr magneton and
kB the Boltzmann constant), a criterion clearly met by, e.g.,
our data for μ0H ≳ 6 T (μ0 being the vacuum permeabil-
ity), the Dirac nodes are expected to evolve into Fermi
pockets with a radius increasing with field [9]. This would
yield a nonzero and increasing κ0=T with field [82].
Alternatively, a Z2 QSL with a Dirac spectrum, or Fermi
surface, of fractionalized excitations, is predicted to engen-
der a finite κ0=T or a diverging κ=T ∼ T−2 (T → 0),
respectively [87]. The predictions from all the above
scenarios are in sharp contrast to our data. The only way
to reconcile our results with the existence of gapless kagome
spin excitations, is to invoke some mechanisms—presum-
ably associated with the disorder—that would localize these
excitations.Note that the excitations are deemed as localized,
either when they are strongly scattered so that they cannot
propagate along a certain direction at a considerable length
scale (e.g., significantly larger than the interspin distance), or
they intrinsically exist in closed loops.
Gapped QSL.—For a zero-field spin gap of ∼10 K

extracted from NMR results [31], the density of thermally
excited spin excitations would be negligible in the temper-
ature range of our measurement. The spin gap is expected
to decrease with increasing field, and finally closes at
∼10 T [31]. In this case, κ is expected to vary significantly
with field, and yield a finite κ0=T for μ0H ≳ 10 T, incon-
sistent with our data. Therefore, to come to terms with our
results, even gapped kagome spin excitations [18–24] such
as gapped spinons and visons in, e.g., a Z2 short-range

resonating valence bond state [19,22,24], must be
localized.
Valence bond crystal.—For a valence bond crystal,

predicted to be the ground state of the QKHA model in
Ref. [8], the lowest triplet excitations are intrinsically
confined in real space, hence no contribution to the thermal
conductivity.
We now turn to the interplay between disorder and the

kagome spins. The analysis on INS and NMR data indicates
that the impurity spins appear to have negligible effect on the
kagome spins, likely due to their dilute nature [23,30].
However, in contrast to experimental probes where the
statistical behavior of the impurity spins or local behavior
of a specific site is measured, connected pathways are
required for thermal conductivity. In other words, even if
the propagation of gapless spin excitations—if they exist—
within the kagome plane is hindered only at some break-
points, i.e., sites close to the impurity spins, heat transport of
these excitations may be unable to be established, despite the
majority of the kagome spins being unaffected.
A more natural speculation from our results, is that

disorder would generate considerable impact on the kagome
spins, as implied also by the electron spin resonance results
[28]. Generally, impurities in layers adjacent to the magnetic
layers are expected to generate disorder in the form of bond
randomness, g-factor randomness, Jahn-Teller distortions,
etc. In parallel with a scenario of random singlets induced by
the interlayer impurity-generated disorder discussed in the
context of kagome lattice [88], there is another random-
singlet theory encompassing a fraction of spins forming
random valence bonds on top of a quantum paramagnetic
background [67,89]. In this latter theory, with long-range
couplings between the interlayer impurity spins, a random-
coupling spin glass behavior might be expected at the lowest
temperatures [89]. Consequently, no contribution to the
thermal conductivity is expected from spin excitations since
they are all frozen. We note that, an elegant demonstration
of the interplay between the disorder and the kagome
QSL physics was recently reported for Zn-brochantite,
ZnCu3ðOHÞ6SO4, a QSL candidate possibly featuring a
spinon Fermi surface [90–92]. The impurity spins were
shown to be Kondo screened by spinons [92]. Since these
spinons must be itinerant to induce Kondo screening, an
independent check from heat transport measurements on
ZnCu3ðOHÞ6SO4 would be necessary.
Only the interlayer impurities were considered in the

above discussion. One would assume impurities in the
kagome layer to be more destructive, since they disturb
the frustration motif more directly. Indeed, inclusion of site
dilution in the kagome layer in theQKHAmodel may lead to
a valence bond glass phase [93]. Again, such a magnetically
frozen phase can be compatible with our results.
In summary, by measuring the low-temperature thermal

conductivity of the prototypical kagome QSL candidate
ZnCu3ðOHÞ6Cl2, we managed to directly probe the kagome
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spins under the impact of disorder. The absence of a direct
magnetic contribution to the thermal conductivity at all
fields, and the insensitivity of the thermal conductivity to
magnetic field, exclude the existence of itinerant spin
excitations. It is not a trivial question whether the framework
of a QSL with gapless or gapped spin excitations will break
down in the first place, when the emergent spin excitations
thereof are constrained to a small length scale. Our results
thus call for more attention to scenarios with quantum
paramagnetic ground states other than a QSL, such as a
valence bond crystal featuring closed-form excitations. A
QSL scenario is still viable, if it is associated with loop
excitations and closed-form spin dynamics. While on the
theory side, deviations from the ideal QKHA Hamiltonian
such as exchange and Dzyaloshinskii-Moriya anisotropy
may lead to substantial change in the predicted ground state
[9,94–96], further complications due to the interplay
between disorder and theQSLphysics are definitely a crucial
aspect to consider when comparing the predictions to
experimental results on real materials.

The authors are greatly indebted to Dr. XiaochenHong for
helpful discussions. Thiswork in Shanghaiwas supported by
the Natural Science Foundation of China (Grant
No. 12034004), the Ministry of Science and Technology
of China (Grant No. 2016YFA0300503), and the Shanghai
Municipal Science and Technology Major Project (Grant
No. 2019SHZDZX01). This work in Shenzhen was sup-
ported by the program for Guangdong Introducing
Innovative and Entrepreneurial Teams (Grant
No. 2017ZT07C062), Shenzhen Key Laboratory of
Advanced Quantum Functional Materials and Devices
(Grant No. ZDSYS20190902092905285), Guangdong
Basic and Applied Basic Research Foundation (Grant
No. 2020B1515120100) and China Postdoctoral Science
Foundation (GrantNo. 2020M682780).Y. X.was sponsored
by the Shanghai Pujiang Program (Grant No. 21PJ1403100)
and the Natural Science Foundation of Shanghai (Grants
No. 21JC1402300 and No. 21ZR1420500).

Note added.—Recently, a similar work by Murayama et al.
appeared [68], in which the observed vanishingly small
κ0=T and field insensitivity of κ are perfectly consistent
with our results.
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