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Measuring the specific heat of herbertsmithite single crystals in high magnetic fields (up to 34 T) allows
us to isolate the low-temperature kagome contribution while shifting away extrinsic Schottky-like
contributions. The kagome contribution follows an original power law C,(T — 0) « T* with a~ 1.5
and is found to be field independent between 28 and 34 T for temperatures 1 < 7' < 4 K. These are serious
constraints when it comes to replication using low-temperature extrapolations of high-temperature series
expansions. We manage to reproduce the experimental observations if about 10% of the kagome sites do
not contribute. Between 0 and 34 T, the computed specific heat then has a minute field dependence
supporting an algebraic temperature dependence in zero field, typical of a critical spin-liquid ground state.
The need for an effective dilution of the kagome planes is discussed and is likely linked to the presence of
copper ions on the interplane zinc sites. At very low temperatures and moderate fields, we also report some

5,6

small field-induced anomalies in the total specific heat and start to elaborate on a phase diagram.

DOI: 10.1103/PhysRevX.12.011014

I. INTRODUCTION

Herbertsmithite ZnCus(OH),Cl, plays a leading role in
the investigation of quantum spin-liquid states, as the most
studied representative material of the quantum kagome
Heisenberg antiferromagnet model (QKHA model) [1,2].
In herbertsmithite, the magnetic Cu®* with spin § = 1/2
decorates the vertices of structurally perfect kagome planes.
The strong in-plane antiferromagnetic coupling J ~ 190 K
between nearest neighbors is known to exceed by far all
other couplings between further in-plane or interplane
neighbors [3]. This leads to a highly bidimensional and
optimally frustrated quantum magnet, which indeed does
not order nor freeze down to the lowest temperatures
reached in experiments (20 mK ~ J/9000) [1,4] and fea-
tures a continuum of fractionalized excitations [5,6].
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The nature of the ground state of the QKHA model is still
highly debated on the theory side [7-16], while exper-
imental investigations have not yet been able to discrimi-
nate unambiguously between the proposed scenarios.
Indeed, inevitable deviations to the pure QKHA model
call for caution when comparing measurements performed
on real quantum kagome antiferromagnets to theoretical
predictions. In herbertsmithite, the lack of inversion sym-
metry within copper-copper bonds is responsible for an
appreciable out-of-plane Dzyaloshinsky-Moriya anisotropy
D, in addition to a possible anisotropy of the symmetric
exchange tensor. The combination of both effects is
believed to matter as 0.06(2)J at most [17-19]. Besides,
a fraction f ~ 20% of interplane zinc sites is considered to
be occupied by copper ions. The low-temperature Curie-
like susceptibility y™ (7 — 0) « f/T makes them appear
as simple paramagnetic objects that can be treated inde-
pendently from the kagome physics. Nevertheless, the
spatial extent of these magnetic defects has remained
elusive, and there is some debate as to whether perfectly
stoichiometric ZnCuz(OH)(Cl, actually exists [20].

These magnetic defects are highly troublesome for bulk-
averaged thermodynamic measurements because their

Published by the American Physical Society


https://orcid.org/0000-0002-7010-6818
https://orcid.org/0000-0002-4048-9838
https://orcid.org/0000-0002-3467-5482
https://orcid.org/0000-0003-3627-5228
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevX.12.011014&domain=pdf&date_stamp=2022-01-21
https://doi.org/10.1103/PhysRevX.12.011014
https://doi.org/10.1103/PhysRevX.12.011014
https://doi.org/10.1103/PhysRevX.12.011014
https://doi.org/10.1103/PhysRevX.12.011014
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

QUENTIN BARTHELEMY et al.

PHYS. REV. X 12, 011014 (2022)

response dominates the kagome behavior at low temper-
atures and low magnetic fields. Thus, local probes have
proven to be essential to gain information on the dispersion
relation and density of states of elementary excitations,
which are observables of interest to determine the precise
nature of the ground state [21-23]. In a recent '"O NMR
study on a single crystal, Khuntia et al. were able to
contrast and filter out the defect contributions in shift and
spin-lattice relaxation rate measurements [23]. At low
temperatures, both quantities exhibit a nearly linear trend.
These observations provide robust evidence against the
presence of a gap in the excitation spectrum. Despite
sizable error bars, they enabled a first quantitative com-
parison with series expansions for the static susceptibility
[24]. Since the density of states appears to be strongly
reduced (if not vanishing) in the 7 — 0 limit, the low-
energy spectrum might feature Dirac nodes rather than a
well-defined Fermi surface, in the case of fractional S =
1/2 spinon excitations. This conclusion is in overall
agreement with the latest results obtained for the QKHA
model with several numerical techniques [7-16]. Other
unbiased low-temperature measurements that could be
easily compared to theory are now crucial to move forward
on the exact nature of the emergent gapless quasiparticles.

In this context, the low-temperature specific heat C,
is of great interest because it is a direct probe of the low-
energy density of states. Clear-cut differences between
models can be expected in the 7" — 0 limit. For instance,
free Dirac fermions lead to the graphene-like C,(T7,
B =0) « T?, while a spinon Fermi sea yields the metal-
like C,(T) « T, although fluctuations of emergent gauge
fields may renormalize these mean-field behaviors [25].
Unfortunately, all specific heat studies performed to date
have suffered from the difficulty of getting rid of external
contributions aside from that of the kagome planes. Indeed,
on the low-temperature range of interest, the specific heat
displays a field dependence similar to the Schottky
anomaly of two-level systems:

N akgAZexp (A/T)

CpP(T,A) = f T?[1 + exp (A/T)

(1)

where the fraction of these two-level systems per mole of
formula is found to correspond to the fraction f of zinc sites
occupied by copper ions [26] and A is their energy gap (in
Kelvin units). This gap A has been found to follow the
standard Zeeman splitting gug B/ kg, with g = 2.2 for fields
B>2T [26]. As the temperature associated with the

maximum of C},"" increases linearly with the applied field,
intense fields may be used to make the low-temperature
contribution Cp,*(T) ~ exp (—A/T)/T? negligible. In pre-
vious studies, the fields have never been high enough
(limited to 18 T) to unambiguously extract the kagome
contribution on a reasonably wide temperature range for
robust interpretations [19,26-28].

Here, we report specific heat measurements on herberts-
mithite single crystals for temperatures 0.7 < T < 8 K and
fields up to 34 T.

II. EXPERIMENTAL DETAILS

For this study, we used a single crystal of protonated
herbertsmithite ZnCu; (OH),Cl, (PHS) and a single crystal
of deuterated herbertsmithite ZnCu3(OD),Cl, (DHS) that
were prepared using the aqueous growth procedure
described in Ref. [29]. From SQUID macroscopic suscep-
tibility measurements [30], the ratio of the two low-
temperature Curie constants is ¢ = fpys/fpus = 1.3(1).
This is related to the different temperatures used in the
growth process [29]. The DHS single crystal is thus
believed to harbor a slightly larger amount of nearly free
magnetic entities. The specific heat measurements were
carried out by means of the original ac modulation
technique introduced in Ref. [31] on a slablike piece from
each crystal, with a mass of 87(2) ug for the PHS sample
and a mass of 286(2) ug for the DHS sample [30]. About
20(5) pg of Apiezon grease was used to attach the crystals
to the Cernox resistive chips. The empty chips (with grease)
were first measured in order to subtract the specific heat of
addenda [30]. No special care was taken regarding the
sample orientation with respect to the field direction.
Indeed, a previous study on single crystals reported a
marginal anisotropy, which is below our absolute accuracy
AC,/C,~5% for T > 1 K [19].

III. DIRECT MEASUREMENT OF THE
KAGOME CONTRIBUTION Cj*%°

We begin with a description of the specific heat
measurements at the highest fields available in our experi-
ments. The total specific heat can be decomposed into three
contributions:

C, = CpE 4 CSehot 4 b, (2)

where the Schottky-like contribution C3"', arising from
the nearly free magnetic entities [32], and the lattice
contribution CY'™" add up to the kagome contribution of
interest C5*%°. For both samples, we show in Fig. 1 the
temperature scans obtained at 28, 31, and 34 T for
1 <T <4 K. The estimated Schottky-like and lattice

contributions are negligibly small in this temperature range
(C""/T < 125 mJ.mol"'. K2 at 4 K and, for DHS,
C5Y/T < 1.8 ml.mol™".K™2 [30]), implying that we
are directly probing the kagome contribution C5°. We
show in Fig. 2 the complete evolution of C,/T from 0 to
34 T on a broader temperature range for the DHS sample.
As expected, the peak associated with the Schottky-like
contribution clearly shifts towards high temperatures as the
field increases, and only a minute contamination remains
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FIG. 1. Temperature scans obtained at 28, 31, and 34 T for

temperatures 7 < 4 K for the PHS and DHS single crystals. The
phononic and Schottky-type contributions are negligible in the
considered temperature and field ranges. Hence, the kagome
contribution is directly measured and found to be field indepen-
dent. The PHS and DHS data are found to scale by a factor 1.21;
see the transparent lines. The dashed lines indicate possible
extrapolations to zero temperature, as detailed in the text.

below 4 K for fields B > 28 T. On the 7 < 4 K range and

in these high fields, Ci*2° is found to be field independent
in both samples.
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FIG. 2. The C,/T data obtained at 16 selected field values for
temperatures 1 <7 <8 K on the DHS single crystal. The
discontinuous data sets are extracted from field scans at fixed
temperatures. Some of the extrapolations from Fig. 1 are
reproduced here.

Despite a similar C,,/T evolution, there is a significant
difference in magnitude between the PHS and DHS
samples. We find that a simple scaling of the DHS data
by a factor 1.21 reproduces the observations on the PHS
sample, as shown in Fig. 1. This 1.21 factor is remarkably
close to the ratio of the low-temperature Curie constants
g = 1.3(1). Hence, the difference likely originates from the
distinct impurity concentrations.

We now turn to various extrapolations of our data in the
T — 0 limit based on existing models. A fit to C,(T)/T =
aT"mexp (—A/T) (see Fig. 1) yields # = 0.21(5) and a gap
A =0.5(1) K~ J/360, which is tiny compared to the
estimate for a gapped spin liquid: J/20 S A <J/10
[33]. Now concentrating on a gapless spin liquid, a fit in
the range [1, 1.5] K to the empirical law C,(T)/T =
y + aT is used to provide an upper bound for any spinon
“Sommerfeld coefficient” y (see Fig. 1). We obtain
y = 50(8) mJ.mol~'.K~2. In comparison to spin-liquid
candidates with a suggested spinon Fermi surface, this is
much lower than for the kagome antiferromagnets
ZnCu3(OH)¢SO4 [34] and [NHy),[C7H4N][V;0¢F 5]
[35] (200 <y <400 mJ.mol~!.K~2) but higher than for
the triangular organic salts k-(BEDT-TTF),Cu, (CN); [36]
and EtMe;Sb[Pd(dmit),], [37] (y ~20 mJ.mol~!.K=2).
In the case of a critical spin liquid, the best fit in the
range [1, 2] K is obtained using C,(T)/T = aT” with a
nontrivial power p = 0.51(4) (see Fig. 1).

IV. ANALYSIS WITH THE HTSE +s(e) METHOD

The extrapolation scheme for high-temperature series
expansions based on the entropy method [HTSE + s(e)
method] allows us to compute the thermodynamic quan-
tities corresponding to a spin Hamiltonian down to zero
temperature [24,30,38-40]. The extrapolation is con-
strained by imposing the entropy behavior in the 7 — 0
limit and the zero temperature energy e, The latter is
determined, for each set of fixed parameters of the
Hamiltonian, by looking for the maximum number of
coinciding Padé approximants of the high-temperature
series expansion (HTSE) of an auxiliary function [40].

Here, we use the QKHA model with J = 190 K in an
external magnetic field B and with a dilution p, for which
the HTSE in 1/T is known up to order 20 [40]. As shown in
Fig. 3 (main figure and inset), the low value of the specific
heat and its low T evolution can be reproduced if (i) a
gapless C,, o« T* with a ~ 1.5 is considered in the 7 — 0
limit, as already suggested by the power-law fit (see Fig. 1),
and (ii) a dilution p ~0.1 of the magnetic network is
introduced. Other perturbations, like exchange anisotro-
pies, may be considered [40], but they have a weaker effect
as compared to dilution. In the computation, the missing
spins in the kagome planes are accounted for statistically:
Each cluster of n sites entering in the evaluation of the
series expansions takes a weight (1 — p)".
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FIG. 3. The C,/T data at 34 T compared to the HTSE + s(e)
results, which are field independent from O to 34 T. In the inset,
we show the drastic impact of a and p values on the shape and
magnitude of the specific heat curves. The experimental data are
only reproduced if we use a power a ~ 1.5 and impose a dilution
p ~ 10%-15%.

Regardless of any match to our experimental data,
when a gapless C,(T) « T* (1 < a <2) is considered in
the 7 — 0 limit, we find that the evolution of the ground-
state energy with the applied field is compatible with the
expression

eo(B, p) = eo(B =0, p) — A(p)B*. (3)

Therefore, we use this ansatz with p, eq(B =0, p) and
A(p) as parameters [30] to fit the experimental specific heat
results. For a = 1.45, we find good fits to both PHS and
DHS data and reproduce the observed field independence
of the specific heat between 28 T and 34 T in the
temperature range 1-4 K. The corresponding optimal
dilution parameters are p = 0.11 and p = 0.135 for the
PHS and DHS samples, respectively. Interestingly, the ratio
of these dilution parameters matches the ratio of the low-
temperature Curie constants ¢ = 1.3(1). This calls for a
discussion of the origin of the effective dilution of the
kagome planes needed to reproduce the specific heat data;
see Sec. VIL

Finally, we assume that the parameters a and p
are field independent, and we compute the specific
heat down to zero field for both PHS and DHS (see
Fig. 3). The computed specific heat has hardly any
field dependence for temperatures 7 < 8 K and for fields
B <34T.

V. EXTRACTION AND SUBTRACTION OF THE
SCHOTTKY-LIKE CONTRIBUTION C1§°h°t

In this section, we extend our analysis of the exper-
imental data to temperature and field ranges for which the
Schottky-like contribution becomes non-negligible and has
to be subtracted. Motivated by the absence of field
dependence of the kagome specific heat discussed above,
we propose a similar approach as developed in Ref. [26].

We assume that the kagome contribution C5° is field
independent on the whole field range up to 34 T. The
Schottky-like field-dependent part of the total specific heat
C), is singled out through differences between temperature
scans obtained at fixed fields. We use five parameters to
describe the difference AC)*/T between the two data sets
obtained at fields B, and Bj:

ACY  f = i
= ZICN(T. AL o) — G (T A 0y)]. (4)
06 . T T T ' X
¢ 0-6T 6-15T
(a) DHS ¢ 0-9T 6-34T
¢ 0-1I5T ¢ 9-15T
04 ¢ 0-34T & 9-34T -
6-9T 15-34T

AC,/T (. mol~! K-2)

(b) DHS

02+ —

/T (J.mol~' K~2)

*
G
[=)
1

— 0T 15T 0 10 20 30
6T —— 28T B (T)
® 9T —— 34T
0'0 1 1 1 1 1 1
1 2 3 4 5 6 7 8
T (K)
FIG. 4. (a) Ten of the 120 differences AC), /T allowed by the 16

data sets of Fig. 2 (DHS single crystal only) and the correspond-
ing fitted curves (solid lines) using the phenomenological model
of Eq. (4). In panel (b), we show how, once the estimated
Schottky-type contributions are subtracted, we get the field-
independent C3/T = (C'® + CH"")/T. Inset: evolution of the
gap A, obtained from the latter fits, as a function of the field. The
error bars stand for the needed Gaussian broadening 6.
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where

CP(r.A0) = [ (T Bpa (B ()

In the latter, we introduced a Gaussian distribution pp
with mean A and standard deviation o, and the integral is
evaluated over [A — 66, A 4 606] N R*. To achieve con-
vergence and be consistent with some recent ESR results
[23], the gap A is constrained to gugB/kg, with g €
[2.14,2.23] (except in zero field). We performed a global
fit of the 120 differences allowed by the 16 data sets shown
in Fig. 2, thus employing a total of 17 global parameters. A
few of these fits are shown in Fig. 4(a). The distribution of
the gap is only necessary at low and moderate fields [see the
inset in Fig. 4(b)]. We obtain a fraction f = 0.227(1) and
A(B =0) = 2.06 K. It is then possible to extract the field-
independent contribution Cj, = C];ago + Cl;,hon, which is
displayed in Fig. 4(b) for a few fields. The curves coincide
at all fields and on an extended temperature range up to 8 K,
showing that the field-dependent character of the total
specific heat is well modeled by the Schottky-like con-
tribution only.

VI FIELD-INDUCED ANOMALIES AT VERY LOW
TEMPERATURES

Finally, we focus on the very-low-temperature data. In
Figs. 5(a) and 5(b), we show some field scans obtained on
the PHS and the DHS single crystals for temperatures
0.7 < T <2 K. By looking at the lowest temperature data,
we clearly distinguish three regimes. At these low temper-
atures, the low-field specific heat is rapidly decreasing:
This is the characteristic Schottky-like contribution. The
intermediate-field part displays an anomaly, perhaps
indicating a field-induced transition. The high-field part
is nearly constant, in line with a field-independent
kagome contribution C5%°. As the temperature is
increased above 1 K, we observe a progressive vanishing
of the anomaly and see the Schottky-like tail shifting to
higher fields. By examining the second derivative of
C,/T, we are able to delineate the field extent of the
field-induced anomaly, which is denoted by a downward
concavity [30]. The increase in C,,/T associated with this
anomaly appears to be limited to 25 mJ.mol~'.K=? down
to 0.7 K, but we lack the full temperature evolution to
determine the precise entropy gain. Such a small field-
induced anomaly does not seem compatible with a proper
phase transition related to the kagome physics and may
reflect a crossover in the defect properties. We draw a
tentative B — 7T phase diagram from the positions
extracted and compare our findings with others already
reported in the literature [see Fig. 5(c)]. The reported
crossover region has a limited field dependence, similarly
to what was observed with torque and ac susceptibility

(b) DHS |

143 K
1.05 K
0.80 K

C,/T (J.mol~! K~2)

0.08 10 20 30 006 10 20 30
B(T) B(T)
2.0 T T T T T T
(©) @ '"TONMR [43]
, V  Torque [41]
v 10 K ac susceptibility [42]
L5F ! @ C, PHS (this study) |
QO  C, DHS (this study)
\v4 -
2 1ot ',5_ -
&~ VVY V
% v
05F ,g’ | i
,/ 1
P vg W’ vV Vv
0.0 l‘ 1 % * 1 1 1 1
0 5 10 15 20 25 30 35
B (T)
FIG. 5. (ab) Field scans obtained at very low temperatures

T <2 K on the PHS single crystal and the DHS single crystal,
respectively. Tiny anomalies associated to a minute entropy gain
are clearly evidenced at the lowest temperatures but quickly
disappear for temperatures 7 > 1 K. The parts highlighted in
green (PHS) and yellow (DHS) delineate the anomalies (down-
ward concavity). (c) Anomaly positions observed in the latter
specific heat measurements reported in a B — T phase diagram,
along with anomaly positions detected with other techniques (}’O
NMR spin-lattice relaxation from Ref. [43], torque adapted from
Ref. [41], and ac susceptibility adapted from Ref. [42]). The
dashed lines are guides for the eyes.

measurements [41,42]. This crossover is, however, at
variance with the transition disclosed with O NMR
spin-lattice relaxation [43] at lower temperatures to a
gapped phase. Whatever the origin of the physics at play,
it is restricted to very low temperatures (7' < 2 K) and low
to moderate fields (B < 16 T).

VII. DISCUSSION

This discussion section is divided into three parts. In the
first part, we compare our findings for the kagome specific
heat to existing gapless models. The second part is devoted
to possible origins of the Schottky-like contribution. In the
third part, we examine the B — T phase diagram at very low
temperatures.
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A. Kagome specific heat

Our experimental findings bring severe constraints to
any model for the ground state and its elementary excita-
tions. Indeed, let us recall that the raw specific heat of
herbertsmithite is found to be field independent for 1 <
T <4 K in fields 28 < B <34 T (gugB ~ J/4) and that
C,(T) x T* with @ ~ 1.5 in the T — 0 limit (typically for
T < 1.5 K). We note that both the phonon and Schottky-
like contributions are negligible for this set of values, thus
giving access to the kagome specific heat. These exper-
imental facts are completed by the HTSE + s(e) numerical
method to fit the data, which also leads to the robust finding
of the power law C,(T) o« T* with a ~ 1.5 in the T — 0
limit [30]. In addition, this HTSE + s(e) study then yields
hardly any variation for the kagome specific heat from 0 to
34 T (see Fig. 3). This is consistent with the data after
subtraction of a Schottky-like contribution that is dominant
in low to moderate fields.

Many of the recent numerical works seem to promote the
gapless U(1)[0,z] Dirac spin-liquid ground state [7-
9,11,15,44]. For this fermionic spinon mean-field ansatz,
the low-energy dispersion is linear and isotropic in zero
field, and pockets form for B # 0 whose radius is propor-
tional to B. At the mean-field level, one then expects a
change from C,(T) « T2 in zero field to C,(T) « BT in
the kgT < ugB limit [44]. Neither the 7 nor the B
dependence is compatible with our experimental results.
Moreover, when the spinon Fermi velocity is adapted from
the 70O NMR measurements of the kagome susceptibility in
fields B < 6.7 T [23], the deduced specific heat magnitude
is much smaller than the actual experimental magnitude.
The logarithmic correction due to fluctuations of emergent
gauge fields derived in Ref. [25] for the zero-field case
results in a shift AC,(T) « T?In (a/T) (where a ~ J /kg).
This correction fails to account for the experimental data
since it yields a < 1 K.

In order to better account for the exponent a ~ 1.5,
we tentatively reimagine the fermionic spinon model
through the dispersion ey ; o |k|*“ featuring subqua-
dratic band touching points (1 < a < 2) rather than
Dirac nodes (a = 2). This allows us to recover C,(T) «
T* in zero field, but it also leads to a field-dependent
linear-in-T specific heat in large fields, at odds with our
findings.

In the vein of a spinon dispersion featuring approximate
Dirac cones at low energy, it has been proposed that the
Fermi level does not exactly intersect with the touching
points but rather cuts out a small Fermi surface [14]. In such
a case, one expects a linear specific heat at low temperature.
On the one hand, a fit of our data to such asymptotic
behavior yields a small spinon “Sommerfeld coefficient”:
¥ ~50 mJ.mol~!.K~? is an upper bound. On the other
hand, although it is not clear how high fields affect such a
small density of states, we rely upon our HTSE + s(e)

analysis and its extension to the zero-field limit, which
firmly precludes any linear behavior through the robust
prediction of a ~ 1.5.

A nematic striped spin-liquid ground state has been
proposed as well, for which the excitation spectrum turns
out to be gapless beyond the mean-field description
[45-47]. Unfortunately, we cannot easily predict what
the specific heat would be considering the associated
anisotropic spinon transport. This calls for further theo-
retical developments.

Other scenarios have been suggested but fail to
match with the full set of experimental findings. For
instance, a U(1) (large) Fermi-surface spin-liquid ground
state [48] would provide a simple explanation for the very
limited field dependence of the specific heat, but it is
discarded through our small estimate for any spinon
“Sommerfeld coefficient.” Besides, U(1) gauge-field
fluctuations should result in a correction AC,(T) «

T2/3 [25], at odds with our peculiar a value. Moreover,
to be stabilized, this state requires a substantial next-
nearest-neighbor  ferromagnetic ~ coupling between
kagome spins, which is not legitimate for herbertsmithite
[3]. Another example is the proposal of an algebraic
vortex liquid [49], with spinless excitations. Although it is
not clear if it would be compatible with our nontrivial
power law, it is based on a large easy-plane anisotropy
(XY model), which is not in line with the Heisenberg
character of herbertsmithite.

To conclude, in the framework of herbertsmithite—on
the one hand, displaying a kagome-induced spin-liquid
behavior (down to very low temperatures) but, on the
other hand, not yet achieving the ideal scenario of
fully occupied and isolated kagome planes—we are left
with no satisfactory physical picture. Let us also mention
that, although the series expansion can reproduce our
specific heat data, the corresponding computed suscep-
tibility does not match the small and nearly field-inde-
pendent susceptibility measured with 'O NMR for fields
B <6.7T [23]. Indeed, the susceptibility at 7 =0 is
computed from the field dependence of the ground-state
energy: yo(B) = —(0ey(B)/0B)/B. With the B> depend-
ence of Eq. (3), this leads to a large field-independent
20 =3.3x 1073 em.u. (molf.u.)~!, more than 10 times
larger than the NMR susceptibility, while for a slightly
higher exponent, B* with v > 2, compatible with the
subquadratic band touching picture (v = a + 1), y, van-
ishes in zero field but increases steeply with the applied
field as y, o B*~2. However, it may not be suitable to
directly compare these two susceptibilities for an inho-
mogeneous system. Indeed, while the dilution effect is
averaged in the computed susceptibility, the NMR results
could concentrate on some “far-from-defect” copper sites
with a susceptibility that is reduced from the uniform
susceptibility [50]. Whether this argument is enough to
explain such a discrepancy is questionable.
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B. Defects in herbertsmithite

The quantitative analysis of our specific heat data clearly
points to a reduced kagome contribution as compared to
that expected from HTSE + s(e) results for the pure
QKHA model [40]. In our simple approach, this has been
addressed through the introduction of p ~ 10% in-plane
vacancies in the series computations. This concentration is
surprisingly high considering the statement of a full copper
occupancy of the kagome lattice that is inferred from
cutting-edge x-ray scattering and spectroscopy [20,51]. In
parallel, it has been known for a long time that herberts-
mithite harbors a substantial amount of nearly free mag-
netic entities through the Curie tail and Schottky-like
anomaly observed at low temperatures and low fields.
When treated as S = 1/2 impurities, the Schottky-like
anomaly analysis yields a concentration of f ~23% for
the DHS sample. Why the kagome planes are so impacted
calls for an advanced discussion about the various types of
defects. We also emphasize that torque, ESR, and 'O NMR
uncovered at least two types of defects [23,52]. At low
temperature, while the main part of the NMR spectrum
undergoes a large broadening (e 1/7), two additional lines
emerge: one for copper sites with a Curie-like susceptibility
(x 1/T) and the other for copper sites with an almost null
susceptibility.

We first focus on a full copper occupancy in the planes,
which leads to a chemical formula Zn,_,Cu; ., (OH),Cl,,
with x = f ~0.2. The effective dilution of the kagome
planes that we find is only substantiated when some of the
kagome sites are somewhat set apart because of the
presence of copper ions on the zinc sites. We can no
longer simply argue that copper ions on the zinc sites are
decoupled and only responsible for the Curie tail and the
Schottky-like anomaly at low temperatures and low fields:
They could create local perturbations on adjacent triangular
plaquettes (in the top and bottom kagome planes), yielding
a reduced kagome specific heat. This is in line with our
observation that the ratio of p values for the effective
dilutions matches the ratio g of Curie constants. Two
prospective ideas emerge:

(i) Copper ions on the zinc sites produce a Jahn-Teller

distortion impacting adjacent triangular plaquettes.
In this regard, the local deformations and their
influence on the in-plane couplings (preserving
the threefold crystal symmetry) have to be quanti-
fied. Note that one does not expect a spin-liquid state
to be destabilized by some equilateral defect tri-
angles: See the case of the breathing kagome lattice
on which the spin-liquid state survives for J, /Jy as
low as 0.25 [53-55].

(i) A substantial exchange couples in-plane and out-
of-plane copper ions. To our knowledge, this
possible interaction has not been estimated to date.
It would lead to the formation of spin multimer
defects. For instance, an effective S = 1/2 could

arise from the formation of a trimer involving one
interlayer Cu and two others from the adjacent
kagome planes. How this can be reconciled with an
effective decoupled spin-1/2 picture remains to be
investigated.

We can also consider that there is a minute proportion of
zinc ions on the kagome sites. This proportion would be
bounded by the uncertainty (a few %) of aforementioned
structural studies [20,51] and would leave room for a still
significant amount of copper ions on the zinc sites. In this
framework, we can trace back to several theoretical studies
of spinless impurities in quantum spin liquids [50,56-58].
It has been found that spin textures in the vicinity of a
spinless impurity, in the form of frozen dimers and orphan
spins, are responsible for a uniform Curie-like susceptibil-
ity (x 1/T), which would then mix with the susceptibility
of the copper ions on the zinc sites.

As observed in most antiferromagnetic correlated sys-
tems [59,60], in any of these scenarios, one can expect
these defects to be screened by the surrounding spins, even
leading to a Kondo-like effect [61], and the perturbation to
propagate in the kagome planes. For example, depending
on the spin-liquid class, it has been shown that spinless
impurities can induce a staggered susceptibility [56,57],
which would explain the large spectral broadening of the
70 NMR line observed at low temperatures [21,23].
Alternatively, orphan spins resulting from the effective
dilution may form a random singlet state, as seen in the
different context of a valence bond crystal ground state
[62]. Yet, the predicted sublinear contribution to the
specific heat does not seem to be compatible with our
results.

To make significant progress in the comprehension of
defects, it is now necessary to study a collection of zinc-
paratacamite samples among which the zinc-to-copper ratio
is precisely varied at the verge of the ideal ZnCu;
stoichiometry. It is also worth comparing with other
quantum kagome compounds as in the zinc-barlowite series
[63], which may involve other types of defects.

C. Phases at very low temperatures

Our field-induced anomalies at very low temperatures
add up to other evidence of marginal physics out of a
quantum spin-liquid regime. These marginal physics show
up clearly for temperatures lower than kg7 ~ J/100 in
fields lower than B ~ 10 T. Such a field-induced transition
from a gapless to a gapped regime was also found in
brochantite, which arguably is a spin liquid with a spinon
Fermi surface [64]. Our specific heat data here are not
complete enough to precisely extract the associated entropy
gain, but an upper estimate of 17 mJ.mol~'.K~! can be
integrated between 600 mK and 3 K, which is about 1/350
of the total entropy for spins 1/2. As recalled in Sec. VI,
70 NMR [43], torque [41], and ac susceptibility [42]
measurements have already evidenced several crossovers at
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very low temperatures. We can definitely distinguish two
crossover categories. So far, the crossover at temperatures
T <1 K from the dynamical gapless regime to a frozen
gapped regime has only been clearly highlighted with
NMR relaxation measurements [43]. In addition, as pointed
out in the present study, a more “vertical” crossover region
is observed at fields 7 < B < 16 T, extending to slightly
higher temperatures [41,42]. While we adopt a simple and
conservative method to extract a single “vertical” crossover,
looking at the concavity change of specific heat curves,
torque experiments (which track the anisotropy of the
susceptibility) reveal two sets of such crossovers at nearly
constant fields by looking at each inflection in the signal
derivative [41].

As discussed in previous works [1,43], low-energy
deviations to the pure QKHA model are suspected to be
responsible for the crossover from the dynamical gapless
regime to the frozen gapped regime. The sizable
Dzyaloshinskii-Moriya (DM) component estimated from
ESR measurements [17,18], D, ~0.04-0.08/, and the
possible easy-axis exchange anisotropy of about 0.1J
deduced from susceptibility measurements [19] are often
invoked. They are the main perturbations, in a range of
about 8-19 K, well above the detected crossovers. In the
case of the DM interaction, the value for D, is close to but
below the predicted quantum critical point in zero field
(D, ~0.1J) [65], and the crossover would be explained by
a combined effect with the applied field. This reasoning
could also be relevant in the case of anisotropic symmetric
exchange. We also note that a lower limit of a DM
instability of 0.012J has been found recently using a
tensor-network-states approach [12], at 7 = 0, and could
match better with our findings.

Interestingly, recent second harmonic generation [46],
torque, and ESR experiments [52] point to a global
symmetry reduction of the kagome lattice at low temper-
ature. It is attributed to a minute monoclinic distortion,
below the threshold of up-to-date structural refinements.
From a combination of infrared spectroscopy measure-
ments and ab initio density functional theory calculations,
it has been inferred to the strong magnetoelastic coupling in
the kagome planes, which seems to be enforced upon
cooling [66]. Then, the crossover from the dynamical
gapless regime to the frozen gapped regime could be
reminiscent of the clear transition observed in monoclinic
clinoatacamite [4,67].

Another inspiring channel to interpret all observed
crossovers is the building of antiferromagnetic correlations
among impurities. This was emphasized by inelastic
neutron scattering for energy transfers Zmw < 0.8 meV
(~J/20) [6] and may be related to the small Weiss
temperature € ~ 1-2 K deduced from the low-temperature
Curie tail in susceptibility [30]. Whatever their nature,
it is very likely that some nearly free magnetic entities
subtly couple to the kagome copper ions, enhancing the

dimensionality of the magnetic lattice at the lowest temper-
atures. This could definitely be a key ingredient in the
crossover from the dynamical gapless regime to the frozen
gapped regime. As for the more “vertical” crossover, it may
simply signal the complete polarization of nearly free
magnetic entities.

In closing, we remind the reader that despite their
enigmatic origin, all observed crossovers in herbertsmithite
occur at very low temperatures, illustrating, once again, the
robustness of the dynamical gapless regime down to
temperatures as low as about J/100 whatever the field
intensity.

VIII. CONCLUSIONS AND OUTLOOK

In herbertsmithite, the ground state of the kagome spin
system is disordered, dynamical, and gapless [4,5,23]. It
has the essential attributes of a critical spin liquid: In the
T — 0 limit, the nontrivial power laws for the spin-lattice
relaxation rate [23], 1/T(T) « T with # ~ 1 measured in
a moderate field of about 7 T, and specific heat
C,(T) x T*, with a~ 1.5, point to algebraic spin-spin
correlations. The present study leads to a major improve-
ment in the characterization of elementary excitations.
Because of the peculiar exponent and very weak field
dependence of the kagome specific heat, we rule out both
the U(1) (large) Fermi surface and U(1)0, z] Dirac spin-
liquid scenarios. Yet, the exact nature of the emergent
quasiparticles remains to be elucidated. From the con-
tinuum exposed with inelastic neutron scattering [5], they
are not AS = 1 objects. Still, the observation of a large
(Lorentz force driven) thermal Hall effect would be
beneficial to confirm their fractional character [68]. The
experimental results presented here pave the way for new
theoretical developments.

From the field-induced anomalies reported in the present
study and previous work, we have constructed a prelimi-
nary B — T phase diagram. It can be completed using other
techniques in order to secure the two-crossover picture we
exhibit, fully characterize the phases stabilized at very low
temperatures, and understand their origin. For instance, it
would make sense to check whether the two crossovers are
detected with sound velocity measurements (which are
sensitive to minute variations in the magnetoelastic cou-
plings) or thermal transport measurements (which are
sensitive to mobile heat carriers only). Special signatures
may allow us to discriminate between a global spin freezing
and the polarization of some impurities.

ACKNOWLEDGMENTS

The authors acknowledge the support of Laboratoire
National des Champs Magnétiques Intenses (LNCMI-
CNRS), member of the European Magnetic Field
Laboratory (EMFL), and French Agence Nationale de la
Recherche, under Grant No. ANR-18-CE30-0022 «LINK>».

011014-8



SPECIFIC HEAT OF THE KAGOME ANTIFERROMAGNET ...

PHYS. REV. X 12, 011014 (2022)

Note added.—Recently, we became aware of a new
NQR study in herbertsmithite [69] that confirms the
existence of inequivalent copper sites with long and short
relaxation times—observed in previous NMR studies
[22,23]—and determines their respective dynamics. The
study hints at the coexistence of gapped and gapless
excitations. With our study, the inhomogeneity observed
in the dynamics [69] calls for a comprehensive account of
defects in herbertsmithite.

[1] P. Mendels and F. Bert, Quantum Kagome Frustrated
Antiferromagnets: One Route to Quantum Spin Liquids,
C.R. Phys. 17, 455 (2016).

[2] M.R. Norman, Colloquium: Herbertsmithite and the
Search for the Quantum Spin Liquid, Rev. Mod. Phys.
88, 041002 (2016).

[3] H.O. Jeschke, F. Salvat-Pujol, and R. Valenti, First-
Principles Determination of Heisenberg Hamiltonian
Parameters for the Spin-% Kagome Antiferromagnet
ZnCu;(OH)4Cl,, Phys. Rev. B 88, 075106 (2013).

[4] P. Mendels, F. Bert, M. A. de Vries, A. Olariu, A. Harrison,
F. Duc, J. C. Trombe, J. S. Lord, A. Amato, and C. Baines,
Quantum Magnetism in the Paratacamite Family: Towards
an Ideal Kagomé Lattice, Phys. Rev. Lett. 98, 077204
(2007).

[5] T.-H. Han, J.S. Helton, S. Chu, D.G. Nocera, J. A.
Rodriguez-Rivera, C. Broholm, and Y. S. Lee, Fractional-
ized Excitations in the Spin-Liquid State of a Kagome-
Lattice Antiferromagnet, Nature (London) 492, 406 (2012).

[6] T.-H. Han, M.R. Norman, J.-J. Wen, J. A. Rodriguez-
Rivera, J. S. Helton, C. Broholm, and Y. S. Lee, Correlated
Impurities and Intrinsic Spin-Liquid Physics in the Kagome
Material Herbertsmithite, Phys. Rev. B 94, 060409(R)
(2016).

[7] M. Hermele, Y. Ran, P. A. Lee, and X.-G. Wen, Properties
of an Algebraic Spin Liquid on the Kagome Lattice, Phys.
Rev. B 77, 224413 (2008).

[8] Y. Igbal, D. Poilblanc, and F. Becca, Vanishing Spin Gap in
a Competing Spin-Liquid Phase in the Kagome Heisenberg
Antiferromagnet, Phys. Rev. B 89, 020407(R) (2014).

[9] H.J. Liao, Z.Y. Xie, J. Chen, Z.Y. Liu, H.D. Xie, R.Z.
Huang, B. Normand, and T. Xiang, Gapless Spin-Liquid
Ground State in the S =1/2 Kagome Antiferromagnet,
Phys. Rev. Lett. 118, 137202 (2017).

[10] Y.-C. He, M. P. Zaletel, M. Oshikawa, and F. Pollmann,
Signatures of Dirac Cones in a DMRG Study of the Kagome
Heisenberg Model, Phys. Rev. X 7, 031020 (2017).

[11] W. Zhu, X. Chen, Y.-C. He, and W. Witczak-Krempa,
Entanglement Signatures of Emergent Dirac Fermions:
Kagome Spin Liquid and Quantum Criticality, Sci. Adv.,
4, eaat5535 (2018).

[12] C.-Y. Lee, B. Normand, and Y.-J. Kao, Gapless Spin Liquid
in the Kagome Heisenberg Antiferromagnet with Dzyalosh-
inskii-Moriya Interactions, Phys. Rev. B 98, 224414 (2018).

[13] X. Chen, S.-J. Ran, T. Liu, C. Peng, Y.-Z. Huang, and
G. Su, Thermodynamics of Spin-1/2 Kagomé Heisenberg
Antiferromagnet: Algebraic Paramagnetic Liquid and

Finite-Temperature Phase Diagram, Sci. Bull. 63, 1545
(2018).

[14] M. Hering, J. Sonnenschein, Y. Igbal, and J. Reuther,
Characterization of Quantum Spin Liquids and Their
Spinon Band Structures via Functional Renormalization,
Phys. Rev. B 99, 100405(R) (2019).

[15] S. Jiang, P. Kim, J. H. Han, and Y. Ran, Competing Spin
Liquid Phases in the S :% Heisenberg Model on the
Kagome Lattice, SciPost Phys. 7, 006 (2019).

[16] A.M. Lauchli, J. Sudan, and R. Moessner, S = % Kagome
Heisenberg Antiferromagnet Revisited, Phys. Rev. B 100,
155142 (2019).

[17] A. Zorko, S. Nellutla, J. van Tol, L. C. Brunel, F. Bert, F.
Duc, J.C. Trombe, M. A. de Vries, A. Harrison, and P.
Mendels, Dzyaloshinsky-Moriya Anisotropy in the Spin-1/2
Kagome Compound ZnCuz(OH)4Cl,, Phys. Rev. Lett. 101,
026405 (2008).

[18] S. El Shawish, O. Cepas, and S. Miyashita, Electron Spin
Resonance in S = %Antiferromagnets at High Temperature,
Phys. Rev. B 81, 224421 (2010).

[19] T.-H. Han, S. Chu, and Y.S. Lee, Refining the Spin
Hamiltonian in the Spin—% Kagome Lattice Antiferromagnet
ZnCu;(OH)4Cl, Using Single Crystals, Phys. Rev. Lett.
108, 157202 (2012).

[20] R. W. Smaha, I. Boukahil, C.J. Titus, J. M. Jiang, J.P.
Sheckelton, W. He, J. Wen, J. Vinson, S.G. Wang, Y.-S.
Chen, S.J. Teat, T.P. Devereaux, C.D. Pemmaraju, and
Y. S. Lee, Site-Specific Structure at Multiple Length Scales
in Kagome Quantum Spin Liquid Candidates, Phys. Rev.
Mater. 4, 124406 (2020).

[21] A. Olariu, P. Mendels, F. Bert, F. Duc, J. C. Trombe, M. A.
de Vries, and A. Harrison, '’O NMR Study of the Intrinsic
Magnetic Susceptibility and Spin Dynamics of the Quantum
Kagome Antiferromagnet ZnCuz(OH)Cl,, Phys. Rev. Lett.
100, 087202 (2008).

[22] M. Fu, T. Imai, T.-H. Han, and Y.S. Lee, Evidence for a
Gapped Spin-Liquid Ground State in a Kagome Heisenberg
Antiferromagnet, Science 350, 655 (2015).

[23] P. Khuntia, M. Veldzquez, Q. Barthélemy, F. Bert, E.
Kermarrec, A. Legros, B. Bernu, L. Messio, A. Zorko,
and P. Mendels, Gapless Ground State in the Archetypal
Quantum Kagome Antiferromagnet ZnCus(OH)4Cl,, Nat.
Phys. 16, 469 (2020).

[24] B. Bernu and C. Lhuillier, Spin Susceptibility of Quantum
Magnets from High to Low Temperatures, Phys. Rev. Lett.
114, 057201 (2015).

[25] D.H. Kim, P. A. Lee, and X.-G. Wen, Massless Dirac
Fermions, Gauge Fields, and Underdoped Cuprates, Phys.
Rev. Lett. 79, 2109 (1997).

[26] M. A. de Vries, K. V. Kamenev, W. A. Kockelmann, J.
Sanchez-Benitez, and A. Harrison, Magnetic Ground State
of an Experimental S =1/2 Kagome Antiferromagnet,
Phys. Rev. Lett. 100, 157205 (2008).

[27] J.S. Helton, K. Matan, M. P. Shores, E. A. Nytko, B. M.
Bartlett, Y. Yoshida, Y. Takano, A. Suslov, Y. Qiu, J.-H.
Chung, D. G. Nocera, and Y. S. Lee, Spin Dynamics of the
Spin-1/2 Kagome Lattice Antiferromagnet ZnCuz (OH)Cl,,
Phys. Rev. Lett. 98, 107204 (2007).

[28] T.-H. Han, R. Chisnell, C. J. Bonnoit, D. E. Freedman, V. S.
Zapf, N. Harrison, D. G. Nocera, Y. Takano, and Y. S. Lee,

011014-9


https://doi.org/10.1016/j.crhy.2015.12.001
https://doi.org/10.1103/RevModPhys.88.041002
https://doi.org/10.1103/RevModPhys.88.041002
https://doi.org/10.1103/PhysRevB.88.075106
https://doi.org/10.1103/PhysRevLett.98.077204
https://doi.org/10.1103/PhysRevLett.98.077204
https://doi.org/10.1038/nature11659
https://doi.org/10.1103/PhysRevB.94.060409
https://doi.org/10.1103/PhysRevB.94.060409
https://doi.org/10.1103/PhysRevB.77.224413
https://doi.org/10.1103/PhysRevB.77.224413
https://doi.org/10.1103/PhysRevB.89.020407
https://doi.org/10.1103/PhysRevLett.118.137202
https://doi.org/10.1103/PhysRevX.7.031020
https://doi.org/10.1126/sciadv.aat5535
https://doi.org/10.1126/sciadv.aat5535
https://doi.org/10.1103/PhysRevB.98.224414
https://doi.org/10.1016/j.scib.2018.11.007
https://doi.org/10.1016/j.scib.2018.11.007
https://doi.org/10.1103/PhysRevB.99.100405
https://doi.org/10.21468/SciPostPhys.7.1.006
https://doi.org/10.1103/PhysRevB.100.155142
https://doi.org/10.1103/PhysRevB.100.155142
https://doi.org/10.1103/PhysRevLett.101.026405
https://doi.org/10.1103/PhysRevLett.101.026405
https://doi.org/10.1103/PhysRevB.81.224421
https://doi.org/10.1103/PhysRevLett.108.157202
https://doi.org/10.1103/PhysRevLett.108.157202
https://doi.org/10.1103/PhysRevMaterials.4.124406
https://doi.org/10.1103/PhysRevMaterials.4.124406
https://doi.org/10.1103/PhysRevLett.100.087202
https://doi.org/10.1103/PhysRevLett.100.087202
https://doi.org/10.1126/science.aab2120
https://doi.org/10.1038/s41567-020-0792-1
https://doi.org/10.1038/s41567-020-0792-1
https://doi.org/10.1103/PhysRevLett.114.057201
https://doi.org/10.1103/PhysRevLett.114.057201
https://doi.org/10.1103/PhysRevLett.79.2109
https://doi.org/10.1103/PhysRevLett.79.2109
https://doi.org/10.1103/PhysRevLett.100.157205
https://doi.org/10.1103/PhysRevLett.98.107204

QUENTIN BARTHELEMY et al.

PHYS. REV. X 12, 011014 (2022)

Thermodynamic Properties of the Quantum Spin Liquid
Candidate ZnCu;(OH)¢Cl, in High Magnetic Fields,
arXiv:1402.2693.

[29] M. Velazquez, F. Bert, P. Mendels, D. Denux, P. Veber, M.
Lahaye, and C. Labrugere, Aqueous Solution Growth at
200 °C and Characterizations of Pure, 170- or D-Based
Herbertsmithite Zn,Cu,_,(OH)Cl, Single Crystals, J.
Cryst. Growth 531, 125372 (2020).

[30] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevX.12.011014 for sample
photographs, dc susceptibility measurements, estimates of
the lattice, and total Schottky-like contributions, experi-
mental and numerical methods, and extraction of anomaly
positions at very low temperatures.

[31] B. Michon, C. Girod, S. Badoux, J. Kac¢marcik, Q.
Ma, M. Dragomir, H. A. Dabkowska, B.D. Gaulin, J.-S.
Zhou, S. Pyon, T. Takayama, H. Takagi, S. Verret, N.
Doiron-Leyraud, C. Marcenat, L. Taillefer, and T. Klein,
Thermodynamic Signatures of Quantum Criticality in Cup-
rate Superconductors, Nature (London) 567, 218 (2019).

[32] We do not detect the nuclear Schottky contributions in the
range 1-4 K, likely because of too-long relaxation times.

[33] S. Depenbrock, 1. P. McCulloch, and U. Schollwock, Nature
of the Spin-Liquid Ground State of the S = 1/2 Heisenberg
Model on the Kagome Lattice, Phys. Rev. Lett. 109, 067201
(2012).

[34] Y. Li, B. Pan, S. Li, W. Tong, L. Ling, Z. Yang, J. Wang, Z.
Chen, Z. Wu, and Q. Zhang, Gapless Quantum Spin Liquid
in the S=1/2 Anisotropic Kagome Antiferromagnet
ZnCu;3(OH)¢SO,, New J. Phys. 16, 093011 (2014).

[35] L. Clark, J.C. Orain, F. Bert, M. A. De Vries, F. H.
Aidoudi, R.E. Morris, P. Lightfoot, J.S. Lord, M. T.F.
Telling, P. Bonville, J. P. Attfield, P. Mendels, and A.
Harrison, Gapless Spin Liquid Ground State in the S =
1/2 Vanadium Oxyfluoride Kagome Antiferromagnet
[NH4]2[C7H14N} [V706F18}’ PhyS Rev. Lett. 110, 207208
(2013).

[36] S. Yamashita, Y. Nakazawa, M. Oguni, Y. Oshima, H.
Nojiri, Y. Shimizu, K. Miyagawa, and K. Kanoda, Thermo-
dynamic Properties of a Spin-1/2 Spin-Liquid State in a
k-Type Organic Salt, Nat. Phys. 4, 459 (2008).

[37] S. Yamashita, T. Yamamoto, Y. Nakazawa, M. Tamura, and
R. Kato, Gapless Spin Liquid of an Organic Triangular
Compound Evidenced by Thermodynamic Measurements,
Nat. Commun. 2, 275 (2011).

[38] B. Bernu and G. Misguich, Specific Heat and High-Temper-
ature Series of Lattice Models: Interpolation Scheme and
Examples on Quantum Spin Systems in One and Two
Dimensions, Phys. Rev. B 63, 134409 (2001).

[39] G. Misguich and B. Bernu, Specific Heat of the S =14
Heisenberg Model on the Kagome Lattice: High-Temper-
ature Series Expansion Analysis, Phys. Rev. B 71, 014417
(2005).

[40] B. Bernu, L. Pierre, K. Essafi, and L. Messio, Effect of
Perturbations on the Kagome S = %Antiferromagnet at All
Temperatures, Phys. Rev. B 101, 140403(R) (2020).

[41] T. Asaba, T.-H. Han, B.J. Lawson, F. Yu, C. Tinsman, Z.
Xiang, G. Li, Y.S. Lee, and L. Li, High-Field Magnetic
Ground State in S :% Kagome Lattice Antiferromagnet
ZnCu;(OH)4Cl,, Phys. Rev. B 90, 064417 (2014).

[42] J.S. Helton, Ph.D. thesis, Massachusetts Institute of Tech-
nology (2009).

[43] M. Jeong, F. Bert, P. Mendels, F. Duc, J. C. Trombe, M. A.
de Vries, and A. Harrison, Field-Induced Freezing of a
Quantum Spin Liquid on the Kagome Lattice, Phys. Rev.
Lett. 107, 237201 (2011).

[44] Y. Ran, M. Hermele, P. A. Lee, and X.-G. Wen, Projected-
Wave-Function Study of the Spin-1/2 Heisenberg Model
on the Kagomé Lattice, Phys. Rev. Lett. 98, 117205
(2007).

[45] B. K. Clark, J. M. Kinder, E. Neuscamman, G. K. L. Chan,
and M. J. Lawler, Striped Spin Liquid Crystal Ground State
Instability of Kagome Antiferromagnets, Phys. Rev. Lett.
111, 187205 (2013).

[46] N.J. Laurita, A. Ron, J. W. Han, A. Scheie, J. P. Sheckelton,
R. W. Smaha, W. He, J.-J. Wen, J.S. Lee, Y.S. Lee, M. R.
Norman, and D. Hsieh, Evidence for a Parity Broken
Monoclinic Ground State in the S = 1/2 Kagomé Anti-
Sferromagnet Herbertsmithite, arXiv:1910.13606.

[47] C. Zhang and T. Li, Variational Study of the Ground State
and Spin Dynamics of the Spin—% Kagome Antiferromagnetic
Heisenberg Model and Its Implication for Herbertsmithite
ZnCu;(OH)Cl,, Phys. Rev. B 102, 195106 (2020).

[48] O. Ma and J. B. Marston, Weak Ferromagnetic Exchange
and Anomalous Specific Heat in ZnCuz(OH)¢Cl,, Phys.
Rev. Lett. 101, 027204 (2008).

[49] S. Ryu, O.I. Motrunich, J. Alicea, and M. P. A. Fisher,
Algebraic Vortex Liquid Theory of a Quantum Antiferro-
magnet on the Kagome Lattice, Phys. Rev. B 75, 184406
(2007).

[50] K. Gregor and O. I. Motrunich, Nonmagnetic Impurities in
the Spin-1/2 Kagome Antiferromagnet, Phys. Rev. B 77,
184423 (2008).

[51] D.E. Freedman, T.-H. Han, A. Prodi, P. Miiller, Q.-Z.
Huang, Y.-S. Chen, S. M. Webb, Y. S. Lee, T. M. McQueen,
and D.G. Nocera, Site Specific X-Ray Anomalous
Dispersion of the Geometrically Frustrated Kagomé Mag-
net, Herbertsmithite, ZnCu;(OH)4Cl,, J. Am. Chem. Soc.
132, 16185 (2010).

[52] A. Zorko, M. Herak, M. Gomilsek, J. van Tol, M. Velaz-
quez, P. Khuntia, F. Bert, and P. Mendels, Symmetry
Reduction in the Quantum Kagome Antiferromagnet Her-
bertsmithite, Phys. Rev. Lett. 118, 017202 (2017).

[53] J.-C. Orain, B. Bernu, P. Mendels, L. Clark, F. H. Aidoudi,
P. Lightfoot, R. E. Morris, and F. Bert, Nature of the Spin
Liquid Ground State in a Breathing Kagome Compound
Studied by NMR and Series Expansion, Phys. Rev. Lett.
118, 237203 (2017).

[54] C. Repellin, Y.-C. He, and F. Pollmann, Stability of the Spin-
% Kagome Ground State with Breathing Anisotropy, Phys.
Rev. B 96, 205124 (2017).

[55] Y. Igbal, D. Poilblanc, R. Thomale, and F. Becca, Persist-
ence of the Gapless Spin Liquid in the Breathing Kagome
Heisenberg Antiferromagnet, Phys. Rev. B 97, 115127
(2018).

[56] A.Kolezhuk, S. Sachdev, R. R. Biswas, and P. Chen, Theory
of Quantum Impurities in Spin Liquids, Phys. Rev. B 74,
165114 (2006).

[57] I. Rousochatzakis, S.R. Manmana, A.M. Lauchli, B.
Normand, and F. Mila, Dzyaloshinskii-Moriya Anisotropy

011014-10


https://arXiv.org/abs/1402.2693
https://doi.org/10.1016/j.jcrysgro.2019.125372
https://doi.org/10.1016/j.jcrysgro.2019.125372
http://link.aps.org/supplemental/10.1103/PhysRevX.12.011014
http://link.aps.org/supplemental/10.1103/PhysRevX.12.011014
http://link.aps.org/supplemental/10.1103/PhysRevX.12.011014
http://link.aps.org/supplemental/10.1103/PhysRevX.12.011014
http://link.aps.org/supplemental/10.1103/PhysRevX.12.011014
http://link.aps.org/supplemental/10.1103/PhysRevX.12.011014
http://link.aps.org/supplemental/10.1103/PhysRevX.12.011014
https://doi.org/10.1038/s41586-019-0932-x
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1088/1367-2630/16/9/093011
https://doi.org/10.1103/PhysRevLett.110.207208
https://doi.org/10.1103/PhysRevLett.110.207208
https://doi.org/10.1038/nphys942
https://doi.org/10.1038/ncomms1274
https://doi.org/10.1103/PhysRevB.63.134409
https://doi.org/10.1103/PhysRevB.71.014417
https://doi.org/10.1103/PhysRevB.71.014417
https://doi.org/10.1103/PhysRevB.101.140403
https://doi.org/10.1103/PhysRevB.90.064417
https://doi.org/10.1103/PhysRevLett.107.237201
https://doi.org/10.1103/PhysRevLett.107.237201
https://doi.org/10.1103/PhysRevLett.98.117205
https://doi.org/10.1103/PhysRevLett.98.117205
https://doi.org/10.1103/PhysRevLett.111.187205
https://doi.org/10.1103/PhysRevLett.111.187205
https://arXiv.org/abs/1910.13606
https://doi.org/10.1103/PhysRevB.102.195106
https://doi.org/10.1103/PhysRevLett.101.027204
https://doi.org/10.1103/PhysRevLett.101.027204
https://doi.org/10.1103/PhysRevB.75.184406
https://doi.org/10.1103/PhysRevB.75.184406
https://doi.org/10.1103/PhysRevB.77.184423
https://doi.org/10.1103/PhysRevB.77.184423
https://doi.org/10.1021/ja1070398
https://doi.org/10.1021/ja1070398
https://doi.org/10.1103/PhysRevLett.118.017202
https://doi.org/10.1103/PhysRevLett.118.237203
https://doi.org/10.1103/PhysRevLett.118.237203
https://doi.org/10.1103/PhysRevB.96.205124
https://doi.org/10.1103/PhysRevB.96.205124
https://doi.org/10.1103/PhysRevB.97.115127
https://doi.org/10.1103/PhysRevB.97.115127
https://doi.org/10.1103/PhysRevB.74.165114
https://doi.org/10.1103/PhysRevB.74.165114

SPECIFIC HEAT OF THE KAGOME ANTIFERROMAGNET ...

PHYS. REV. X 12, 011014 (2022)

and Nonmagnetic Impurities in the s = % Kagome System
ZnCu;(OH)Cl,, Phys. Rev. B 79, 214415 (2009).

[58] P. Patil, F. Alet, S. Capponi, and K. Damle, Quantum Half-
Orphans in Kagome Antiferromagnets, Phys. Rev. Research
2, 043425 (2020).

[59] H. Alloul, J. Bobroff, M. Gabay, and P.J. Hirschfeld,
Defects in Correlated Metals and Superconductors, Rev.
Mod. Phys. 81, 45 (2009).

[60] A. Wollny, L. Fritz, and M. Vojta, Fractional Impurity
Moments in Two-Dimensional Noncollinear Magnets, Phys.
Rev. Lett. 107, 137204 (2011).

[61] M. Gomilzek, R. Zitko, M. Klanjsek, M. Pregelj, C. Baines,
Y. Li, Q. M. Zhang, and A. Zorko, Kondo Screening in a
Charge-Insulating Spinon Metal, Nat. Phys. 15, 754 (2019).

[62] R.R. P. Singh, Valence Bond Glass Phase in Dilute Kagome
Antiferromagnets, Phys. Rev. Lett. 104, 177203 (2010).

[63] K. Tustain, B. Ward-O’Brien, F. Bert, T.-H. Han, H.
Luetkens, T. Lancaster, B. M. Huddart, P.J. Baker, and L.
Clark, From Magnetic Order to Quantum Disorder in the
Zn-Barlowite Series of S = 1/2 Kagomé Antiferromagnets,
npj Quantum Mater. 5, 74 (2020).

[64] M. Gomilsek, M. Klanjsek, R. Zitko, M. Pregelj, F. Bert, P.
Mendels, Y. Li, Q. M. Zhang, and A. Zorko, Field-Induced

Instability of a Gapless Spin Liquid with a Spinon Fermi
Surface, Phys. Rev. Lett. 119, 137205 (2017).

[65] O. Cepas, C.M. Fong, P.W. Leung, and C. Lhuillier,
Quantum Phase Transition Induced by Dzyaloshinskii-
Moriya Interactions in the Kagome Antiferromagnet, Phys.
Rev. B 78, 140405(R) (2008).

[66] Y. Li, A. Pustogow, M. Bories, P. Puphal, C. Krellner, M.
Dressel, and R. Valenti, Lattice Dynamics in the Spin-%
Frustrated Kagome Compound Herbertsmithite, Phys. Rev.
B 101, 161115(R) (2020).

[67] X.G. Zheng, H. Kubozono, K. Nishiyama, W. Higemoto, T.
Kawae, A. Koda, and C. N. Xu, Coexistence of Long-Range
Order and Spin Fluctuation in Geometrically Frustrated
Clinoatacamite Cu,C1(OH);, Phys. Rev. Lett. 95, 057201
(2005).

[68] H. Katsura, N. Nagaosa, and P. A. Lee, Theory of the
Thermal Hall Effect in Quantum Magnets, Phys. Rev. Lett.
104, 066403 (2010).

[69] J. Wang, W. Yuan, P. M. Singer, R. W. Smaha, W. He, J.
Wen, Y.S. Lee, and T. Imai, Emergence of Spin Singlets
with Inhomogeneous Gaps in the Kagome Lattice Heisen-
berg Antiferromagnets Zn-Barlowite and Herbertsmithite,
Nat. Phys. 17, 1109 (2021).

011014-11


https://doi.org/10.1103/PhysRevB.79.214415
https://doi.org/10.1103/PhysRevResearch.2.043425
https://doi.org/10.1103/PhysRevResearch.2.043425
https://doi.org/10.1103/RevModPhys.81.45
https://doi.org/10.1103/RevModPhys.81.45
https://doi.org/10.1103/PhysRevLett.107.137204
https://doi.org/10.1103/PhysRevLett.107.137204
https://doi.org/10.1038/s41567-019-0536-2
https://doi.org/10.1103/PhysRevLett.104.177203
https://doi.org/10.1038/s41535-020-00276-4
https://doi.org/10.1103/PhysRevLett.119.137205
https://doi.org/10.1103/PhysRevB.78.140405
https://doi.org/10.1103/PhysRevB.78.140405
https://doi.org/10.1103/PhysRevB.101.161115
https://doi.org/10.1103/PhysRevB.101.161115
https://doi.org/10.1103/PhysRevLett.95.057201
https://doi.org/10.1103/PhysRevLett.95.057201
https://doi.org/10.1103/PhysRevLett.104.066403
https://doi.org/10.1103/PhysRevLett.104.066403
https://doi.org/10.1038/s41567-021-01310-3

