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Alexander Leitmäe,7 Christopher R. Wiebe,1, 5, 8, 9 Raivo Stern,10 and Haidong Zhou11, 12

1Department of Chemistry, University of Manitoba, Winnipeg R3T 2N2, Canada
2Department of Applied Physics, Stanford University, Stanford, California 94305, USA

3Geballe Laboratory for Advanced Materials, Stanford University, Stanford, California 94305, USA∗

4Department of Physics and Astronomy, University of Tennessee-Knoxville, Knoxville, Tennessee 37996-1220, USA
5Department of Chemistry, University of Winnipeg, Winnipeg R3B 2E9, Canada

6NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
7NICPB, National Institute of Chemical Physics and Biophysics, 12618 Tallinn, Estonia

8Department of Physics and Astronomy, McMaster University, Hamilton L8S 4M1, Canada
9Canadian Institute for Advanced Research, Toronto M5G 1Z7, Canada

10NICPB, National Institute of Chemical Physics and Biophysics, 12618, Tallinn, Estonia
11Department of Physics and Astronomy, University of Tennessee-Knoxville, Knoxville 37996-1220, USA

12National High Magnetic Field Laboratory, Florida State University, Tallahassee 32306-4005, USA
(Dated: April 13, 2018)

Although S = 1/2 kagomé systems have been intensely studied theoretically, and within the last
decade been realized experimentally, much less is known about the S = 1 analogues. While the
theoretical ground state is still under debate, it has been found experimentally that S = 1 kagomé
systems either order at low temperatures or enter a spin glass state. In this work, YCa3(VO)3(BO3)4
(YCVBO) is presented, with trivalent vanadium. Owing to its unusual crystal structure, the metal-
metal bonding is highly connected along all three crystallographic directions, atypical of other
kagomé materials. Using neutron scattering it is shown that YCVBO fails to order down to at least
50 mK and exhibits broad and dispersionless excitations. 11B NMR provides evidence of fluctuating
spins at low temperatures while DC-magnetization shows critical scaling that is also observed in
systems near a quantum critical point such as Herbertsmithite, despite its insulating nature and
S = 1 magnetism. The evidence shown indicates that YCVBO is naturally tuned to be a quantum
disordered magnet in the limit of T = 0 K.

Phase transitions have been known since antiquity, but
it was not until the development of statistical mechanics
that they could be well described and understood physi-
cally. A phase transition occurs when some symmetry is
broken which gives rise to an order parameter that can be
measured experimentally. Critical exponents have been
used to describe the overall symmetry and interactions
of the system. In the limit of zero Kelvin, most systems
are found to exhibit ordering, but some systems cannot
order due to the presence of quantum fluctuations. Such
is the case for spin liquids, with perhaps none having
been studied more than Herbertsmithite. [1–5] One strat-
egy used for finding new materials that fail to magnet-
ically order in the low temperature limit is to look for
geometrically frustrated lattices: lattices where fluctua-
tions are enhanced at low temperatures because the spins
cannot simultaneously satisfy all of their energetic con-
straints due to the lattice geometry. So far, spin liquid
behaviour has only been discovered for kagomé and tri-
angular lattices in two dimensions and hyperkagomé and
pyrochlore lattices in three dimensions. Of those found,
nearly all of them are S = 1/2 or effective S = 1/2 sys-
tems, where quantum fluctuations are large and many
theoretical predications have been made for the ground
state.[6]

In this manuscript we report on another material,
YCa3(VO)3(BO3)4 (YCVBO) that fails to order in tem-

peratures down to at least 50 mK – well beyond the
previous limit of 1.5 K found for this material. [7] The
preparation of phase-pure YCVBO is quite challenging.
The method has been described in detail previously [7],
which yielded tiny single crystals suitable for diffraction,
with small but sizeable V2O3, CaB2O4, and YBO3 im-
purities. In our attempt, we used stoichiometric amounts
of Y2O3, CaCO3, V2O3, and B2O3 (enriched 11B2O3 for
our samples used for neutron scattering and 11B NMR)
in a quartz tube coupled to a dynamic vacuum, and re-
acted at 1050 ◦C for 50 hrs with intermediate grindings.
Phase pure polycrystalline samples resulted. We note
that YCVBO is prone to oxidation upon exposure to air,
but the process is quite slow and takes months before the
sample is completely decomposed (denoted by a change
in colour due to the lack of the V3+ cation). Neutron
scattering measurements were made on the Disc Chop-
per Spectrometer (DCS [8]) at the NIST Center for Neu-
tron Research (Gaithersburg, MD) using wavelengths of
1.8 and 4.8 Å at 50 mK and 30 K in medium resolution
mode on a three gram enriched 11B sample of YCVBO.
Heat capacity and DC magnetic susceptibility measure-
ments were performed on a Physical Property Measure-
ment System (PPMS) using the 3He and vibrating sam-
ple magnetometer options respectively. 11B NMR data
were recorded on a Bruker Avance-II spectrometer at 4.7
T magnetic field. 30 mg of sample was packed into a
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1.8 mm Si3N4 rotor which was spun in a home built cry-
oMAS probe using compressed helium gas.[9] A sample
spinning rate of 30 kHz was used from room tempera-
ture to 64 K, where the rate was gradually decreased to
10 kHz by 16 K.

YCVBO is a member of the gaudefroyite
(Ca4(MnO)3(BO3)3CO3) family. In gaudefroyite
and other related minerals such as YCa3(MnO)3(BO3)4
(YCMBO [10]), the system adopts P63/m symmetry,
although the space group assignment has been debated
previously in the natural mineral. [10],[11],[12] MnO6

octahedra are edge-sharing along the c-axis forming
infinite-chain structures, which are probably the largest
component of the magnetic exchange. Within the
ab-plane, MnO6 are arranged on a perfect kagomé
lattice. BO3 (and CO3 in the natural mineral) trimer
units are stacked in a disordered arrangement in the
centre of each kagomé star. The remaining BO3 units
serve to interconnect the infinite chains – the result is
a system of well connected, highly interacting kagomé
planes with in plane exchange of J2 and out of plane
exchange J1 (see Figure 1). Both materials have mixed
antiferromagnetic and ferromagnetic interactions, but
magnetically order at 7.5 K for YCMBO and 1.8 K for
natural gaudefroyite. [10] On the other hand, YCVBO
adopts a supercell structure formed by partial chemical
ordering of the BO3 units in the kagomé star centre
[7], which lowers the symmetry to P3̄ (Figure 1). It
has been argued in previous work that for YCVBO,
a larger antiferromagnetic exchange exists along the
chain axis while ferromagnetic exchange exists within
the ab-plane.[7] Naively, one would expect YCVBO
to magnetically order at low temperatures, given the
large and negative Curie Weiss temperature (-453 K).
Instead, we find that YCVBO fails to order down to
mK temperatures, and has a broad inelastic response
at low temperatures in neutron scattering experiments
that is reminiscent of Herbertsmithite. The supercell in
YCVBO implies a higher degree of chemical of order in
this material than typical gaudefroyites, which in turn
should result in a tendency towards magnetic disorder
as demonstrated by Wills et al. [13]

Time of flight neutron scattering was used to measure
the magnetic inelastic excitations of YCVBO at low tem-
peratures. For single crystal samples, a four-dimensional
data set is obtained that includes the diffraction pat-
tern and the inelastic dispersion curve. For the case of
YCVBO powders, all of the excitations are powder aver-
aged, resulting in a three-dimensional data set of inten-
sity as a function of reciprocal space and energy, I(Q,ω)
(Figure 2a and b).

The intensity is directly proportional to the dynami-
cal structure factor, S(Q,ω). The fluctuation dissipation
theorem can be used to obtain the dynamical susceptibil-
ity from the magnetic scattering intensity via S(Q,ω) =
[n(ω) + 1]χ′′(Q,ω), where n(ω) is the Bose occupation

FIG. 1. The structure of YCVBO contains rigid VO6 (red
octahedra) and BO3 (green trimers) units. Y and Ca ions are
denoted by the large spheres and occupy those sites randomly.
The smaller light blue unit cell shows the typical gaudefroyite
subcell and the larger black unit cell denotes the supercell
of YCVBO formed by BO3 stack ordering at the positions
encircled. Atoms in the BO3 units at the YCVBO unit cell
origin are shown with half-circles, denoting that the positions
of the trimers are statistically half-occupied rather than the
positions of the atoms (for example, there are no BO or BO2

units). The kagomé lattice is nearly perfect and is shown with
red bonds. VO6 octahedra are edge-sharing along the crystal
c-axis, with BO3 units cross-linking the infinite VO6 chains
that make up the kagomé network. Exchange pathways J1

and J2 as described in the text are indicated, but it should be
noted that this is likely an oversimplification of the structure.

factor. Spurious background signals are known to con-
tribute to the positive energy transfer spectral weight be-
tween 0 and approximately 0.4 meV on the DCS. [15, 16]
Instead, χ′′(Q,ω) can be obtained for 30 K using the neg-
ative energy transfer side. First, the data is integrated
over Q = [0.42, 2.07] Å−1 to obtain S(ω) at each temper-
ature. At low temperatures, the probability of creating
an excitation from a scattering event far exceeds that
for the destruction of an excitation, resulting in almost
no signal on the negative energy transfer side other than
background. The intensity at 50 mK is then subtracted
from 30 K and the result is divided by the Bose factor
to obtain χ′′(ω) at 30 K for the negative energy transfer
side. Since χ′′(ω) is an odd function, the positive en-
ergy transfer side is χ′′(ω > 0) = −χ′′(ω < 0). χ′′(ω) at
50 mK is found by S(ω,T = 50 mK) − S(ω,T = 30 K)
on the positive energy transfer side, where it is assumed
that the background intensity is invariant with temper-
ature. Figure 2c shows the result, which is the devel-
opment broad and apparently dispersionless excitations.
The damped harmonic oscillator model was used to fit
the excitation as previously done for Herbertsmithite [14]
as a guide to the eye. This resulted in a centre at 0.71(2)
meV with a large width of 0.39(4) meV (much larger than
the instrumental resolution at this wavelength of approx-
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FIG. 2. a) The magnetic signal at 50 mK can be isolated by subtracting off the data at 30 K, where phonon contributions
dominate. This figure has been smoothed so that the broad excitation is better observed; b) The raw signal at 50 mK with
only an empty can subtraction is shown here. Phonons that are created by the incident neutrons can be observed; c) The
dynamic susceptibility is found through the process described in the text. The damped harmonic oscillator model used in [14]
was used to fit the excitation at 50 mK as a guide to the eye; d) No additional Bragg peaks or diffuse scattering are observed,
even at 50 mK. The inset is a close-up view of a portion of the data. Error bars represent one standard deviation.

imately 0.1 meV). A similar excitation was observed in
Herbertsmithite, however both the energy and width are
more than doubled in YCVBO. Such a large width could
be due to strong spin fluctuations or intrinsic disorder.
[14] However, YCVBO is fundamentally different from
Herbertsmithite in that the disorder mainly arises from
the nonmagnetic ions: Y/Ca occupation of the vacan-
cies and BO3 stacking faults that are disconnected from
the magnetic sublattice. No magnetic reflections and no
diffuse scattering are observed at 50 mK (including mag-
netic V2O3 reflections, which were found in a previous
study [7]), indicating no transition into long-range mag-
netic order (Figure 2d).

As a comparison of the magnetic response measured
via neutron scattering, the magnetic susceptibility was
measured for our samples. The critical scaling depen-
dence of the DC-susceptibility is presented in Figures 3a
and b. The magnetization at various temperatures is

shown to completely collapse onto a single curve scaled
by the temperature with critical exponents. Approxi-
mating the DC susceptibility as the low-frequency AC
susceptibility, the DC-susceptibility follows a relatively
smooth curve when scaled by T0.70(2) against the unit-
less ratio µBH/kBT for data to within almost three
decades. The scaling law is valid in small fields for tem-
peratures below 35 K, but the range increases with the
field. This type of behaviour is expected for systems
near quantum critical points such as heavy fermion mag-
nets [17] or quantum antiferromagnets. [16, 18, 19] As
the field is increased and the temperature is lowered, the
divergence of the susceptibility decreases as the quan-
tum critical point is approached and traversed. The ob-
served scaling bears striking agreement to the unusual
scaling observed in Herbertsmithite. [16] For Herbert-
smithite, the scaling was also observed in the inelastic
neutron scattering excitation spectrum as a function of
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ω/T . While our neutron scattering data collapses on the
same curve predicted by the scaling law, more temper-
atures are needed to make such a claim with any real
degree of certainty. This is difficult to do for any system
where the magnetism stems from an element with low
scattering power, in this case V, because of the amount of
counting time needed to obtain adequate statistics. Such
a power law behaviour has also been observed in other
disordered kagomé systems such as SrCr9xGa12−9xO19

[20] and Ba2Sn2Ga10−7xZnCr7xO22 [21], which could be
evidence of magnetic disorder. This scenario could be
envisioned in YCVBO with oxygen vacancies, resulting
in mixed V oxidation states, but positional disorder is
unlikely due to size constraints.[11] Adding these defects
were not found to improve the fit in joint x-ray/neutron
structure refinements previously, and we observe no other
evidence of multiple V valence states. [7] Because the
scaling in Herbertsmithite is regarded as a key signature
of its unique ground state, the unexpected appearance of
this behavior in an S = 1 insulator is remarkable.

However, if the system is in close proximity to a quan-
tum critical point, then one would expect persistent spin
fluctuations to exist as the transition is approached. To
look for unambiguous evidence of such fluctuations, solid-
state 11B NMR was used and is presented in Figure 4.
Line I belongs to the B sites connecting magnetic chains
of VO6 octahedra while line II corresponds to the B in the
middle of the kagomé stars. There is a clear difference
in the temperature dependence of both of these lines.
Whereas line I gradually broadens with decreasing tem-
perature (in fact becoming too broad to be detected with
our technique convincingly below 30 K) and shifts (see
Figure 5 inset), line II does not show any remarkable tem-
perature dependence or shift. The double-peak structure
of line II is caused by coupling of the 11B nuclear spin 3/2
with the local electric field gradient. The broadening of
line I is due to a magnetic hyperfine shift caused by the
intrinsic magnetic susceptibility of the sample. Further-
more, the temperature dependence of this shift clearly
does not follow Curie-Weiss behaviour, which agrees with
the DC susceptibility data and indicates that the fluctu-
ating moments are indeed strongly interacting, and more
reminiscent of a spin liquid system [22],[23] or of an S=1
spin chain.

Scaling near quantum critical points has been stud-
ied intensely over the last few decades, with varying
exponents α depending upon the system studied. Fur-
ther complicating this field is the experimental diffi-
culty of finding systems that are naturally tuned to such
points. Typically, chemical doping or magnetic fields
need to be used as tuning probes to study this phe-
nomena. For the heavy fermion metals CeCu6−xAux,
critical scaling has been found for CeCu5.9Au0.1 with
α = 0.74(5),[17] whereas for the organic spin liquid κ-
(BEDT-TTF)2Cu2(CN)3, α = 0.83(6).[24] Our value of
α = 0.70(3) is certainly within these range of values, and

FIG. 3. a)The scaling of the magnetization completely col-
lapses on to the same curve in a remarkably similar manner
to that of Herbertsmithite [16], which indicates the proxim-
ity of a quantum critical point; b) Approximating the DC-
susceptibility as the low frequency AC-susceptibility, it can
be seen that the scaling law holds here as well. The range
of data shown is slightly beyond that for which the scaling
law remains valid. The inset shows the DC-susceptibility cor-
rected for diamagnetism.

is within error as the value for CeCu5.9Au0.1. The obser-
vation of this unusual exponent which deviates from the
value of α = 1 expected for conventional insulating mag-
nets suggests that exotic physics is at play in YCVBO,
and that this system is naturally tuned to the proximity
of a quantum critical point without chemical doping.

Given that Herbertsmithite is an ideally two dimen-
sional S = 1/2 kagomé while YCVBO is an S = 1
system of spin chains highly connected in kagomé-like
fashion, the comparisons between the two might seem
overstated. However, it is important to consider other
possible ground states of S = 1 and V-kagomé mate-
rials. Most V kagomé systems are S = 1, but S =
1/2 V4+ kagomé compounds can be made via ionother-
mal synthesis, which essentially uses organic scaffolding
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agents to construct well-separated two-dimensional lat-
tices. [25] (NH4)2(C7H14N)(V7O6F18) is gapless and
fails to order in the limit of low temperatures. [26]
S = 1 kagomé compounds, including V3+ contain-
ing jarosite [27],[28], KV3Ge2O9 [30], (NH4)2(C2H8N)-
[V3F12] [29], [C6N2H8][NH4]2[Ni3F6(SO4)2] [31], and
BaNi3(OH)2(VO4)2 [32] all either order in the limit of
low temperatures or exhibit spin glass freezing. Typ-
ically, these systems are gapped antiferromagnets with
their susceptibilities collapsing to zero with a maximum
in the specific heat at around half the antiferromag-
netic exchange coupling energy. Theoretically, S = 1
kagomé lattices have not received as much attention as
their S = 1/2 counterparts. Many ground states have
been proposed for these systems including, but not lim-
ited to, long-range order [33], a trimerized state [34], and
a hexagon valence bond solid. [35] We also note that to
our knowledge no current S = 1 spin-chain model pre-
dicts the experimental behavior observed here. There are
recent predictions of the S = 1 kagomé lattice having a
ground state of a topological paramagnet at low tempera-
tures. [36] Future experiments to verify this claim would
be necessary.

Other differences between YCVBO and Herbert-
smithite are worth examining further. The critical ex-
ponents for the scaling are slightly different: α = 0.70(3)
for YCVBO compared to α = 0.66 for Herbertsmithite.
However, within the Helton et al paper, it is acknowl-
edged that the error on α is large for Herbertsmithite,

suggesting a range between 0.55 and 0.75.[16] This would
place our compound, YCVBO, within the same univer-
sality class. Another natural explanation could be that
the interactions along the c-direction in YCVBO could
play a role in the selection of a ground state, and the
magnetic behaviour might be better explained as a S = 1
spin-chain system (with a Haldane-like gap). To explore
this possibility, the magnetic susceptibility of YCVBO
was measured in an external field of 4.7 T, which is close
to the field used in our NMR work and is shown in Figure
5. The behaviour is clearly non-Curie Weiss like up to
300 K with a broad maximum. While many forms could
possibly fit this data, we have attempted to fit our data
with a 1D Heisenberg antiferromagnetic chain model, [37]
using a small Curie-Weiss term at low temperatures:

χM = A
2 + 0.0194x+ 0.777x2

3 + 4.346x+ 3.232x2 + 5.834x3
, (1)

where the dashed (navy) curve in Figure 5 is calcu-
lated with A = 4.6(9) x 10−5 m3 /mole and | J |/k =
180(10) K. This suggests that our system might be repre-
sented by a 1D chain along the c-direction, with the low-
temperature behaviour naturally explained by the prox-
imity to a quantum critical point. While the origin of
the quantum criticality may be different in this case, the
scaling analysis is still valid in the low temperature limit.
However, this is only one interpretation of the data. Fu-
ture experiments on single crystals are needed to confirm
or deny these different origins for the quantum critical
behaviour. What is clear is that Curie-Weiss fits to the
data should be treated with caution at temperatures less
than 300 K. From our fits to the DC susceptibility, we
estimate the nearest neighbour exchange to be approxi-
mately on the scale of 200 K. This would give YCVBO
a frustration index greater than 4000, which would make
YCVBO one of the most frustrated systems known.

YCVBO appears to display novel behaviour for an
S = 1 kagomé system: no magnetic order was found
down to at least 50 mK, and no elastic diffuse scatter-
ing was observed. Although this could imply a singlet
ground state, which could vindicate the hexagon singlet
scenario, the incoherent background due to V is substan-
tial and would likely mask any magnetic diffuse scatter-
ing. Indeed, the scaling of the susceptibility and the spin
fluctuations observed imply the presence of a quantum
critical point, indicating that the ground state could be
an extremely rare example of a critical S=1 spin liquid.

This work was supported by the National Sciences
and Engineering Research Council of Canada (NSERC),
The American Chemical Society Petroleum Research
Fund, and Canada Foundation for Innovation. H.J.S.
graciously thanks financial support from NSERC and
the Urbanek Postdoctoral Fellowship. Experiments in
Tallinn were supported by institutional research grants
IUT23-7 and IUT23-3 of the Estonian Ministry of Edu-



6

0 50 100 150 200 250 300
0
1
2
3
4
5
6
7
8
9

10
11
12

 

 Exp
 Curie
 Exp-Curie
 theory

χ m
ol

e (1
0-8

 m
3 /m

ol
e)

Temperature (K)

0.00

0.05

0.10

0.15

0.20

K
ni

gh
t S

hi
ft 

(%
)

FIG. 5. The temperature dependence of the magnetic suscep-
tibility of YCVBO. The magnetic susceptibility was measured
(PPMS-VSM) in an external field of 4.7 T, a close field to the
one used for NMR. The full line (blue) represents the suscep-
tibility curve where the Curie tail (red dash-dot line, corre-
sponding to paramagnetic impurities per V ion of 7 percent
of V3+ or 4 percent of V2+) is subtracted from the experi-
mental data (small circles). The red stars denote 11B Knight
shift values (scale in the right); the dashed line is theoretical
function for the magnetic susceptibility for the 1D-HAF chain
described in the text.

cation and Research, by the Estonian Research Council
grant PRG4, and by the European Regional Development
Fund project “Emerging orders in quantum and nanoma-
terials” (TK134). C.R.W. is additionally supported by
the Canada Research Chair (Tier II) program and the
Canadian Institute for Advanced Research. R. S. and
H.D.Z. are supported by the National Science Founda-
tion (NSF-DMR-1350002). This work utilized facilities
supported in part by the National Science Foundation
under Agreement No. DMR-0944772. Access to the DCS
was provided by the Center for High Resolution Neutron
Scattering, a partnership between the National Institute
for Standards and Technology and the National Science
Foundation under Agreement No. DMR-1508249.

∗ Email: harlynjs@stanford.edu
[1] M. P. Shores, E. A. Nytko, B. M. Bartlett, and D. G. No-

cera, J. Am. Chem. Soc. 127, 13462 (2005).
[2] T.-H. Han, J. S. Helton, S. Chu, D. G. Nocera,

J. A. Rodriguez-Rivera, C. Broholm, and Y. S. Lee, Na-
ture 492, 406 (2012).

[3] M. A. de Vries, J. R. Stewart, P. P. Deen, J. O. Piatek,
G. J. Nilsen, H. M. Ronnow, and A. Harrison, Phys. Rev.
Lett. 103, 237201 (2009).

[4] P. Mendels and F. Bert, J. Phys. Soc. Japan 79, 011001,
2010.

[5] C. M. Pasco, B. A. Trump, T. T. Tran, Z. A. Kelly,
C. Hoffmann, I. Heinmaa, R. Stern, and T. M. McQueen,
submitted to Physical Review Letters (2018).

[6] L. Balents, Nature 464, 199-208 (2010).
[7] W. Miiller, M. Christensen, A. Khan, N. Sharma,

R. B. Macquart, M. Avdeev, G. J. McIntyre, R. O. Piltz,
and C. D. Ling, Chem. Mater. 23, 1315 (2011).

[8] J. R. D. Copley and J. C. Cook, Chem. Phys. 292, 477
(2003).

[9] D. Arcon, Ivo Heinmaa and R. Stern, in Modern Methods
in Solid-State NMR, edited by P. Hodgkinson (The Royal
Society of Chemistry, London, 2018).

[10] R. K. Li and C. Greaves 68, 172403 (2003).
[11] C. Hoffmann, T. Armbruster, and M. Kunz, Eur. J. Min-

eral. 9, 7 (1997).
[12] S. M. Antao and I. Hassan, Can. Mineral. 46, 183 (2008).
[13] A. S. Wills, A. Harrison, C. Ritter, and R. I. Smith, Phys.

Rev. B 61, 6156 (2000).
[14] G. J. Nilsen, M. A. de Vries, J. R .Stewart, A. Harrison

and H. M. Ronnow, J. Phys. Cond. Matt. 25, 106001
(2013).

[15] 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, Phys. Rev.
Lett. 98, 107204 (2007).

[16] J. S. Helton, K. Matan, M. P. Shores, E. A. Nytko,
B. M. Bartlett, Y. Qiu, D. G. Nocera, and Y. S. Lee,
Phys. Rev. Lett. 104, 147201 (2010).

[17] A. Schroder, G. Aeppli, R. Coldea, M. Adams, O. Stock-
ert, H. v. Lohneysen, E. Bucher, R. Ramazashvili, and
P. Coleman, Nature 407, 315-355, 2000.

[18] R. N. Bhatt and P. A. Lee, Phys. Rev. Lett. 48, 344-347,
1982.

[19] S. Sachdev and J. Ye, Phys. Rev. Lett. 69, 2411-2414,
1992.

[20] C. Broholm, G. Aeppli, G. P. Espinosa, and A. S. Cooper,
Phys. Rev. Lett. 65, 3173-3176, 1990.

[21] P. Bonnet, C. Payen, H. Mutka, M. Danot, P. Fabritch-
nyi, J. R. Stewart, A. Mellergard, C. Ritter, J. Phys.
Cond. Matt. 16, S835, 2004.

[22] M. Fu, T. Imai, T. H. Han, and Y. S. Lee, Science 350,
6261, 655-658, 2015.

[23] T. Imai, M. Fu, T. H. Han, and Y. S. Lee, Phys. Rev. B
84, 020411, 2011.

[24] T. Isono, T. Terashima, K. Miyagawa, K. Kanoda, and
S. Uji, Nat. Comm. 7, 13494, 2016.

[25] F. H. Aidoudi, D. W. Aldous, R. J. Goff, A. M. Z. Slawin,
J. P. Attfield, R. E. Morris, and P. Lightfoot, Nat. Chem.
3, 801-806, 2011.

[26] 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, Phys. Rev. Lett. 110, 207208, 2013.

[27] D. Papoutsakis, D. Grohol, and D. G. Nocera, J. Am.
Chem. Soc. 124, 2647-2656, 2002.

[28] D. Grohol, Q. Huang, B. H. Toby, J. W. Lynn, Y. S. Lee,
and D. G. Nocera, Phys. Rev. B 68, 094404, 2003.

[29] F. H. Aidoudi, L. J. Downie, R. E. Morris, M. A. de Vries,
and P. Lightfoot, Dalton Trans. 43, 6304-6307, 2014.

[30] S. Hara, H. Sato and Y. Narumi, J. Phys. Soc. Japan 81,
073707, 2012.

[31] J. N. Behera and C. N. R. Rao, J. Am. Chem. Soc. 128,
9334-9335, 2006.

[32] D. E. Freedman, R. Chisnell, T. M. McQueen, Y. S. Lee,



7

C. Payen and D. G. Nocera, Chem. Comm. 48, 64-66
(2012).

[33] C. Xu and J. E. Moore, Phys. Rev. B 76, 104427, 2007.
[34] H. J. Hitesh and A. M. Launchli, Phys. Rev. B 91,

100407(R), 2015.
[35] K. Hida, J. Phys. Soc. Japan 69, 4003-4007 (2000).

[36] Y.-M. Lu, and D.-M. Lee, Phys. Rev. B 89, 184417
(2014).

[37] V. Gadet, M. Verdaguer, V. Briois, A. Gleizes,
J. P. Beauvillain, C. Chappert, T. Goto, K. Le Dang,
P. Veillet, Phys. Rev. B. 44, 705 (1991).


