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New candidate emerges for 
a quantum spin liquid 
A newly synthesized mineral is perhaps the most promising material yet to
realize a hypothetical state with exotic behavior.

Nature sometimes surprises us with
intriguing material behavior. Witness
the fractional quantum Hall effect or
high-temperature superconductivity.
More rarely, theorists conceive of novel
systems and then set out to look for
them in nature. One such novel system
is the spin liquid,1 postulated in 1973 
by Philip Anderson for an antiferro-
magnetic insulator. In particular, he
considered a material featuring planes
of spin-carrying atoms arranged in tri-
angular lattices. The atoms are fixed in
position but the spins interact antiferro-
magnetically with their neighbors. Be-
cause the triangular lattice frustrates at-
tempts of the spins to order, the spins
will not freeze into a fixed configura-
tion, even at the lowest temperature.
Thus the system is called a spin liquid.

The spin-liquid concept spurred
many theorists to study a variety of mag-
netic materials in which frustration pre-
vents the development of an ordered
state. Lured by the prospect of finding
unconventional new phases of matter,
experimentalists also began looking for
real materials that embody such behav-
ior. Unlike a conventional antiferro-
magnet, a spin liquid does not develop
any magnetic order. In a spin liquid, no
single atom carries a spontaneous time-
averaged dipole magnetic moment in
the low-temperature limit. While such
behavior has been demonstrated in one-
dimensional magnets and in systems
where spins form clusters, it has not yet
been seen in extended two- or three-
dimensional networks of spins.

If a spin liquid remains disordered
down to absolute zero, the system is then
sufficiently coherent that quantum ef-
fects should come into play. Such a quan-
tum spin liquid is expected to adopt
some kind of subtle quantum order. The
mystery lies in what kind of subtle order
that might be. One example is the topo-
logical order underlying the fractional
quantum Hall effect. Aquantum spin liq-
uid might have exotic excitations, per-
haps with fractional quantum numbers,
and it might exhibit unusual correlations. 

The discovery of high-Tc supercon-
ductivity renewed interest in spin liq-
uids because copper oxide materials are
antiferromagnetic insulators before they
are doped to become superconductors.
Anderson and others have used the
concept of a resonating-valence-bond,
which underlies the prediction of a 
spin-liquid state, to try to explain the
behavior of the high-Tc materials.2

Despite the heightened interest, ex-
perimental realizations of a spin liquid
have been scarce and remain contro-
versial. Two materials have emerged in
recent years as possible candidates;
both embody spins arranged on a 2D
lattice of edge-sharing triangles (see
figure 1a). 

The system that is most expected to
be a quantum spin liquid, however, is a
2D array of spin-½ particles on a lattice
of vertex-sharing triangles. Such a lat-
tice is known as a kagome lattice, from
the Japanese for a bamboo basket with
a woven pattern of interlaced triangles
(see figure 1b and PHYSICS TODAY, Feb-
ruary 2003, page 12). Although experi-
menters have found a number of sys-
tems with kagome lattices, the lattices
either contained spins greater than ½ or
had less than perfect kagome structures.

In 2004, after a two-year effort,
Daniel Nocera and a team of chemists

at MIT were able to synthesize a rare
mineral known as herbertsmithite.3

(The small amounts found in nature are
not sufficiently pure.) It’s a member of
the paratacamite family characterized
by the formula ZnxCu4−x(OH)6Cl2,
where x = 1 for herbertsmithite. As pic-
tured in figure 2 and confirmed by crys-
tallography, the spin-½ copper atoms
form a kagome lattice.

Recently, Nocera and his team joined
Young Lee and others from MIT, the
University of Florida, the National
High Magnetic Field Laboratory, the
University of Maryland, College Park,
and NIST in Gaithersburg, Maryland,
to study the mineral’s behavior using
neutron scattering, magnetization, and
thermodynamic measurements.4 No-
cera’s group also collaborated with
Amit Keren’s group at the Technion–
Israel Institute of Technology in Haifa
to perform nuclear magnetic resonance
measurements and take muon spin res-
onance data at the Paul Scherrer Insti-
tute in Switzerland.5 Independently,
Philippe Mendels of the Université de
Paris–Sud and CNRS and Andrew Har-
rison’s group from the University of
Edinburgh performed muon spin reso-
nance measurements at the UK’s
Rutherford Appleton Laboratory and 
at the Paul Scherrer Institute.6 The
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Figure 1. Triangular lattices of spins. (a) Edge-sharing triangles feature cop-
per atoms (red) at the vertices. Green dotted lines indicate singlet bonds
between adjacent spins. What’s shown is one possible way to pair the antifer-
romagnetically interacting spins. (b) Kagome lattice of vertex-sharing atoms. 
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Mendels group’s samples were pre-
pared at Edinburgh and at CEMES–
CNRS, Toulouse, France.

The experiments all show fairly con-
clusively that the spin-½ kagome lattice
behaves as a spin liquid: Its spins do not
develop conventional antiferromagnetic
order down to temperatures as low as 
50 mK. The jury is still out, however, on
whether the putative quantum spin liq-
uid shows any exotic behavior. Interpre-
tation is difficult first of all because only
microcrystalline samples are available;
researchers have not yet been able to
grow crystals larger than a few microns.
Furthermore, even small amounts of im-
purities can affect the low-temperature
behavior and prevent ordering that
might otherwise have occurred.  

Lee comments that his group and
others are still in the early stages of
studying this material. With more expe-
rience, they hope to have a better handle
on impurities and begin to define more
precisely the low-temperature physics 
of the spin-½ kagome materials.  

Quantum spin liquid 
Anderson’s 1973 paper looked at a
model in which one spin-½  particle (an
electron in the outer orbit of a magnetic
atom) is fixed at each vertex of a trian-
gular lattice and interacts antiferro-
magnetically with its neighbors. On a
square lattice, such spins order into a
Néel state, freezing into a spin solid
with alternating spins. But the triangu-
lar lattice frustrates the attempts to
order (see the article on geometrical
frustration by Roderich Moessner and
Arthur Ramirez in PHYSICS TODAY,
February 2006, page 24). 

Anderson proposed an alternative
state. He pictured a state consisting of
singlet-bond pairs, such as the configu-
ration shown in figure 1a. That config-
uration is far from unique because 
each spin has an equal probability 
of forming singlet pairs with any of 
its neighbors. Anderson defined a
resonating-valence bond state as a lin-
ear combination of all the configura-
tions that one can get by different
pairings. 

Since Anderson’s work, a team led by
Claire Lhuillier from the Pierre and
Marie Curie University in Paris found
that a triangular spin-½ lattice with only
nearest-neighbor interactions can reach
an ordered state with spins on any given
triangle oriented at 120° to one another.7
Still, triangular lattices with more com-
plicated interactions remain candidates
for a quantum spin liquid. Most promis-
ing of all is the 2D spin-½  kagome lat-
tice because its vertex-sharing geometry

gives it a higher degree of frustration
than a triangular lattice and because
quantum fluctuations are particularly
strong for a low spin. 

The excitations in the spin-liquid pic-
ture result from breaking spin pairs. This
creates two single spins (spinons, with
spin s = ½) that move around inde-
pendently of one another, much as elec-
trons move in a metal—even though the
material is still an insulator. By contrast,
the fundamental excitations in a mag-
netically ordered Néel state are s = 1
spin waves, known as magnons.

Theorists have studied two types of
spin liquids: those with an energy gap
and those without. In most of the for-
mer types of spin liquid, singlet bonds
form between nearby spins, and these
cost energy to break. Studies indicate
that such gapped excitations behave
much like particles, although they may
have fractional quantum numbers. The
system may have a topological order,
such as that found in the fractional
quantum Hall states.

In gapless spin liquids, there are sin-
glet bonds connecting pairs of spins that
can be spatially well separated, as well
as shorter-range pairs. Since it costs
much less energy to break the bond be-
tween widely separated spins, the spin
liquid may be gapless. This possibility,
only appreciated in recent years, is quite
intriguing. Normally, one expects a sys-
tem with a spontaneously broken sym-
metry, such as an antiferromagnet, to be
gapless: It costs little energy to excite
spin waves in the system. But a spin liq-
uid would be a gapless system with no
broken symmetry. What protects such a
system from developing a gap? 

Gapless spin liquids have been
called critical or algebraic spin liquids
because their properties are expected to
exhibit some of the same power-law de-
pendencies as those found near a criti-
cal point. The excitations might be de-
scribed by an extended wavefunction
rather than as a single particle. Theo-
rists are just starting to explore what the
properties of such a system might be.

For the spin-½ kagome lattice with
nearest-neighbor interactions, Lhuil-
lier’s group, joined by Hans-Ulrich
Everts and colleagues from the Leibnitz
University in Hanover in Germany, nu-
merically calculated the energy spec-
trum and predict that there is a contin-
uum of low-lying singlet states and a
very small gap (if any) to a spin triplet
continuum.8 The big question for ex-
perimentalists is whether this predic-
tion is verified in real materials. 

Experimental signatures
The initial experiments on the newly syn-
thesized kagome material primarily ad-
dressed two questions: Does the system
remain disordered down to low temper-
atures and does it have a spin gap? 

To check for long-range magnetic
order, the group led by MIT’s Lee looked
in the neutron-scattering spectrum for
Bragg peaks. As noted by Collin Bro-
holm of the Johns Hopkins University,
however, it’s not always easy to see
Bragg peaks from a spin-½ magnet in a
powder. To address this concern, the
MIT team showed that they could see
Bragg peaks in a powder sample of a
cousin of herbertsmithite that is known
to have magnetic order, but did not see
them in a similarly prepared powder of

Figure 2. Herbertsmithite, or ZnCu3(OH)6Cl2. (a) Side view shows two groups
of three copper atoms (blue) along with chlorine (green), oxygen (red), hydro-
gen (white), and zinc (orange). (b) Top view, looking down on copper planes,
reveals the kagome structure. The vertex-sharing triangles are indicated in
gray. (Adapted from ref. 3.)
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herbertsmithite at a temperature
T = 1.4 K. See figure 3a. 

Another measure of long-
range order is magnetic suscep-
tibility. Figure 3b shows a plot of
the inverse magnetic susceptibil-
ity versus temperature, meas-
ured by Young Lee’s team.
(Keren’s group extended the sus-
ceptibility measurements down
to 60 mK.) The plot of the Lee
group’s data is linear at high
temperatures, as one would ex-
pect for randomly fluctuating
spins. The linear fit yields an es-
timate of the Curie–Weiss tem-
perature TCW, which is related 
to the spin–spin interaction
strength J. The MIT-led group
finds TCW to be about 300 K. Un-
like an ordered antiferromagnet,
the s = ½  kagome system ap-
pears to resist ordering at tem-
peratures that are more than
1000 times lower than TCW. 

Still another way to check for
magnetic ordering is to use
muon spin resonance, in which
muons are embedded in the ma-
terial to sample the local field.
Using μSR, Mendels and his col-
laborators found no evidence for
magnetic order down to 50 mK.

Regarding the question of a
spin gap, the experimental evi-
dence so far is consistent with a
gapless state. Based on inelastic
neutron scattering, Lee and his team es-
timate that the spin gap is smaller than
0.1 meV. Keren’s group measured the
nuclear spin–lattice relaxation time T1
of chlorine atoms, which are sensitive to
the magnetic spins of the copper atoms.
The group says that the slow decrease
of T1

−2 with decreasing temperature also
suggests the absence of a spin gap. 

To learn even more about a spin liq-
uid, one can look at such properties as
the variation of specific heat with tem-
perature. Ramirez of Alcatel-Lucent’s
Bell Labs says that in all the frustrated
magnets he’s looked at, the specific heat
goes as T 2. Such a dependency can stem
from known excitations such as
magnons, or spin waves, which are de-
scribed by classical wavefunctions, but
they could also come from an excitation
with no classical analogue. It would be
a big deal, says Ramirez, if the power
law deviated from T 2. Such behavior
would almost certainly be a harbinger
of an exotic state. 

The MIT-led team reports a specific
heat that goes as Tα, where α < 1. That
result is already being tested by theo-
rists. Recently, MIT theorists found the
lowest energy state of a spin-½ kagome

lattice to consist of spin-½ spinons
obeying a Dirac spectrum.9 They pre-
dict that the specific heat will go as T 2.
Taking a different approach to the same
problem, theorists from the University
of California, Santa Barbara, and Cal-
tech have found a different state but still
predict a T 2 specific heat.10

Further experiments will have to de-
termine how much the specific heat and
other low-energy measurements might
be affected by impurities. Radu Coldea
of Bristol University in the UK would
like to see measurements of the kagome
system at higher energies, closer to the
energies of the spin interactions. 

Other spin-liquid candidates
Two other systems are also promising
candidates for a spin liquid. One is an
organic antiferromagnetic insulator
given by the formula κ-(ET)2Cu2(CN)3,
where ET stands for a specific organic
molecule. The symbol κ specifies a par-
ticular packing pattern of the ET mole-
cules within layered planes. This mate-
rial has been extensively studied by an
experimental group led by Kazushi
Kanoda of the University of Tokyo. The
researchers have seen no evidence for

magnetic long-range order
down to 32 mK.11

The organic material has an
interesting phase diagram. For
example, one can take the mate-
rial from an antiferromagnetic
insulating phase directly into an
unconventional superconductor
not by doping but by applying
pressure. The spin liquid ap-
pears to be close to a Mott tran-
sition between insulator and
metal. This proximity makes
charge fluctuations more impor-
tant and strengthens certain spin
interactions such as a ring ex-
change around the four corners
of two adjoining triangles.12,13

Patrick Lee of MIT has proposed
that the spinons in this system
form a Fermi surface.14

Kanoda says that recently
performed measurements of
specific heat and thermal con-
ductivity have shown peak
anomalies at the same tempera-
ture, which may be an indication
of some hidden order. He asserts
that the Heisenberg model,
which has no charge degrees of
freedom, may not be the most
apt model for studying the spin
liquid near the Mott transition.
Unfortunately, κ-(ET)2Cu2(CN)3
does not lend itself to neutron-
scattering measurements.

Another spin-liquid candidate
found in recent years is cesium copper
chloride. Coldea and his fellow experi-
menters from Oxford University, Oak
Ridge National Lab, and the UK’s
Rutherford Lab, have done neutron scat-
tering studies of large Cs2CuCl4 crys-
tals.15 Coldea has collaborated with other
groups to measure additional properties
of the crystals. Between 0.62 K and
2.65 K, the 2D layers of this crystal are
decoupled and the material has no long-
range order, but the material does order
below 0.62 K. That fact has damped the
interest of some theorists. Moreover, al-
though the copper atoms in this material
lie on a triangular lattice, the lattice is
distorted, with the bonds along one leg
being stronger than those along another,
so that some researchers think the ma-
terial is more 1D than 2D.

Yet another material with a triangu-
lar lattice is the compound NiGa2S4.16 It
lacks magnetic order, but the spins have
s=1. Theorists question whether the in-
teger spin makes it a fundamentally dif-
ferent system from a spin liquid.

The diversity of materials has pre-
sented many challenges to theorists,
and much work has been done with toy
models. Theorists still hope that exper-

5500

5000

4500

4000

0.50 0.75 1.00 1.25

1000

750

500

250

0
0 100 200 300 400

ZnCu (OH) Cl3 6 2

Cu (OH) Cl2 3

a

b

TEMPERATURE (K)

IN
T

E
N

SI
T

Y
(c

ou
nt

s/
m

in
)

χ
–1

3
(m

ol
C

u/
cm

)

SCATTERING VECTOR Q (Å )–1

Figure 3. No evidence for magnetic order is seen 
in either elastic neutron scattering or susceptibility
measurements on the spin-½ kagome lattice. (a) For
Cu2(OH)3Cl (circular data points) at a temperature
T = 1.4 K (open blue points), Bragg scattering peaks
are seen at Q = 0.70 Å-1 and at Q = 0.92 Å-1. No
such peaks appear for its cousin, ZnCu3(OH)6Cl2, the
spin-liquid candidate (square points), nor at T = 20 K
(solid red points). (b) Inverse susceptibility data (black)
follow a straight line at high temperature. The linear fit
(red line) gives a Curie–Weiss temperature of about
300 K. (Adapted from ref. 4.)
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iments will be able to probe deep
enough into these promising materials
to reveal the exotic behavior they expect
to be there. As Matthew Fisher of the
University of California, Santa Barbara,
sees it, spin liquids are the cleanest ex-
ample of a strongly correlated quantum
system that has qualitatively different
behavior from Fermi liquids and other
simple, well-understood phases.

Barbara Goss Levi
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Designer materials render objects
nearly invisible to microwaves
Coordinate transformations and curved spaces, the traditional
tools of general relativity, are finding applications in optical
engineering.

Optical design is largely a matter of
choosing the right material for the job
and then optimizing its geometry—say,
a glass lens to form images, a metal cage
to screen sensitive electronics, or a poly-
mer film to reduce surface reflections.
But the range of electromagnetic prop-
erties available to optical engineers
from materials found in nature falls far
short of what is theoretically possible. 

In 1999 John Pendry and colleagues
from Imperial College London dramat-
ically extended the palette of realizable
electromagnetic properties by propos-
ing a variety of artificial structures—
metamaterials—whose response to ra-
diation could be custom-designed.1

Although the field of artificial materials
dates back to the 1940s, it took advances
in computation and fabrication technol-
ogy made in the 1990s, along with a
surge of interest in negative refraction,
to set the stage for engineering com-
posite materials whose effective mag-
netic permeability tensor μ and electric
permittivity tensor ε could be tailored. 

Essentially miniature inductive and
capacitive circuits composed of copper
loops built into a repeated array of unit
cells, Pendry’s metamaterials owe their
electromagnetic properties to subwave-
length details of geometric structure
rather than to chemical composition. As
long as the size and spacing of circuit
components are small compared to

wavelengths of interest, incident radia-
tion cannot distinguish circuits from
conventional materials. Adjusting a cir-
cuit’s geometry tunes its resonant fre-
quency and the strength of its electro-
magnetic response to the incident
radiation. 

To understand how, think of each cir-
cuit as a magnetic atom. Just as a mag-
netic atom produces a net magnetic di-
pole in response to a field, so do these
metamaterials, at least in the microwave
regime where metals react strongly to
applied fields. A time-varying electro-
magnetic field induces an electromotive
force that drives a current in a conduct-
ing loop. A gap in the loop introduces a
capacitance into the circuit and pro-
duces a resonance at a frequency set by
the loop’s geometry. Similarly, the elec-
tric component of the field induces an
electric dipole that oscillates with a large
amplitude near its resonant frequency.
Because the resonant frequency of a
metamaterial can be set to virtually any
value, one has tremendous control over
ε and μ.

Armed with this powerful design
flexibility, researchers have since cre-
ated metamaterials with properties im-
possible to find in nature. If fashioned
so that both ε and μ are negative at some
frequency, for instance, metamaterials
can form exotic lenses that bend light at
that frequency in a direction opposite


