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NiGa2S4

Ni2+ S=1 spins on well-separated triangular 
layers 
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As liquids crystallize into solids on cooling, spins in magnets generally form
periodic order. However, three decades ago, it was theoretically proposed that
spins on a triangular lattice form a liquidlike disordered state at low temper-
atures. Whether or not a spin liquid is stabilized by geometrical frustration has
remained an active point of inquiry ever since. Our thermodynamic and neutron
measurements on NiGa2S4, a rare example of a two-dimensional triangular
lattice antiferromagnet, demonstrate that geometrical frustration stabilizes a
low-temperature spin-disordered state with coherence beyond the two-spin
correlation length. Spin liquid formation may be an origin of such behavior.

Electronicmagneticmoments (spins) inmagnets
generally develop periodic order at low temper-
atures. When such order is suppressed, however,
qualitatively new quantum phases can emerge.
For example, quantum spin liquids appear in
quasi–one-dimensional spin chains when fluctu-
ations enhanced by low dimensionality de-
stabilize static correlations (1). In higher
dimensions, magnetic order may also be
suppressed because of the geometry of the
crystal lattice. Such an effect occurs, for
example, in an antiferromagnet with a structure
formed by arrays of triangles. Antiferromag-
netically interacting spins on the vertices of
triangles cannot simultaneously satisfy all pair-
wise interactions and may remain disordered
well below the conventional ordering scale set
by the Weiss temperature, qW (2). Thus,
Bgeometrical frustration[ promotes high degen-
eracy among competing low-temperature pha-
ses, enhances quantum fluctuations, and may
lead to unconventional quantum phenomena.

In two dimensions, the simplest form of a
geometrically frustrated lattice is a triangular
lattice with a single magnetic atom per unit cell.
This is the system for which a quantum spin-
disordered state in more than one dimension was
first proposed more than three decades ago (3).
Since then, extensive theoretical and experimen-
tal research has been carried out in pursuit of
novel ground states without magnetic order in

two dimensions. Although it is now believed
that triangular lattice antiferromagnets with
nearest-neighbor coupling exhibit 120- spin or-
der (4–6), recent theories suggest that interac-
tions beyond nearest-neighbor exchange, such as
longer range and multiple-spin exchange inter-
actions, may lead to a quantum spin-disordered
ground state (7, 8). Experimentally, however,
only a few candidates for spin-disordered states
in two dimensions have been reported, in an or-
ganic material with a distorted triangular lat-
tice (9), in Kagom2-related antiferromagnets
(10, 11), and in a low-density solid 3He film
absorbed on a graphite surface (12). So far un-
answered is the question of whether an insu-
lating bulk solid with an exact triangular lattice

of well-defined localized moments can exhibit
a novel ground state without magnetic order.

We demonstrate that high-quality samples
of NiGa2S4, a bulk-insulating antiferromagnet
on an exact triangular lattice, exhibit a spin-
disordered state in two dimensions. Despite
strong antiferromagnetic (AF) interactions, no
magnetic long-range order was observed down
to 0.35 K, where we instead found nanoscale
quasi-static correlation. The spin-disordered
state appeared on cooling through highly de-
generate states with an entropy plateau and
exhibited gapless, linearly dispersive modes,
suggesting coherence beyond the two-spin cor-
relation length. The gapless excitations were
insensitive to a magnetic field but sensitive to
impurities. These observations indicate the
absence of canonical spin glass freezing in the
bulk, raising the possibility of a spin liquid state
with slow dynamics.

NiGa2S4 is a layered chalcogenide magnetic
insulator with a stacked triangular lattice of Ni
spins (13) (Fig. 1A). The structure is highly
two-dimensional (2D) and the central NiS2
layer is isostructural with the CoO2 layer in
superconducting NaxCoO2IyH2O (14). Magnet-
ism is associated with Ni2! with the electronic
configuration t2g

6 eg
2 and spin S 0 1. The unit

cell contains a single Ni2! atom, so the intra-
and inter-plane Ni separations are simply given
by the lattice parameters a 0 0.3624 nm and
c 0 1.1999 nm.

In Fig. 2A, the temperature dependence of
the magnetic susceptibility, c(T ) K M(T )/B,
and its inverse, cj1(T ), where T is the tem-
perature, are presented. The applied field B
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Fig. 1. Crystal and spin
structures of NiGa2S4.
(A) The slab structure
of NiGa2S4 consists of
a central NiS2 layer of
edge-sharing NiS6 oc-
tahedra (red) and top
and bottom sheets of
GaS4 tetrahedra (green).
The slabs are stacked
along the c axis and
separated from each
other by a van der
Waals gap. Polycrystal-
line samples of NiGa2S4
were synthesized by
heating the mixture of
elements Ni, Ga, and S
in evacuated silica am-
poules at 900-C. Our
powder x-ray measure-
ments at room temperature and neutron diffraction measurements in the temperature range 1.5 K to
300 K confirmed that NiGa2S4 retains the trigonal crystal structure down to 1.5 K with P3m1
symmetry. The refinements are consistent with the room-temperature structure (13). (B) The short-
range correlated spin structure on the triangular Ni lattice, including the incommensurability observed
by magnetic neutron diffraction. It approximates four independent 120- structures on the colored
sublattices with lattice parameters 2a. The in-plane correlation length is 2.5(3) nm, and the correlation
time exceeds 0.3 ns. There are weak ferromagnetic correlations between nearest-neighbor planes.
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Thermodynamics
Curie-Weiss 
temperature ΘCW=-80K

Constant low-T 
susceptibility

No phase transitions

Two specific heat peaks

Thigh ≈ |ΘCW|

Tlow ≈ 10K

?



Low-T Excitations

Specific heat C ~ A T2 indicates gapless, 
linearly-dispersing excitations

But how are there magnons w/o ordering 
transition?

Single crystal 



Neutron scattering

Short-range correlations

ξ < 7 lattice spacings

incommensurate correlations at k ≈ ½ k120˚ !

Nakatsuji et al C. Stock et al



Unconventional 
superexchange

Short-range order suggests:

Dominant antiferromagnetic J3

Weak ferromagnetic J1 due to 97˚ Ni-S-N bond

J3

QC Theory:
I. Mazin, 2007

K. Takubo et al, 2007



Quadrupolar Phases

Several theoretical groups proposed a 
quadrupolar or spin-nematic ground state for 
NiGa2S4

Tsunetsugu et al, 2006; Bhattacharjee et al, 2006; Läuchli et al, 2006; 

T-invariant:

Quadrupolar order: 

 Director 

!Si" = 0

= q(n̂µn̂! ! 1
3!µ!)

Qi;µ! = 1
2 !{S

µ
i , S!

i }" # 2
3!µ!

n̂



Quadrupolar order

Wave function: e.g.

Physical meaning: (q<0)

spin fluctuates within an easy plane normal to n

Goldstone modes = “quadrupole waves” could 
explain T2 specific heat without magnetic order

n̂

S · n̂ = 0

|!! = "i|Sz
i = 0!



Biquadratic 
Coupling

MFT: Quadrupolar phases stabilized

Phase diagram

H =
!

!ij"

JSi · Sj !K(Si · Sj)2

(Si · Sj)2 = 1
4Tr(Qi · Qj)!

1
2
Si · Sj + 4

3

nations with real amplitudes d! (such that jdj ! 1)

 jQ"d#i ! dxjxi$ dyjyi$ dzjzi (4)

jQ"d#i is time-reversal invariant, which implies that
hQ"d#jSjQ"d#i ! 0, and it is a zero eigenvalue eigenstate
of the operator "d % S#2. It describes a state where the spin
fluctuates mostly in the directions perpendicular to the
vector d, referred to as the director, which nicely illustrates
the very heart of a spin nematic state: it has no magnetic
moment, but nevertheless breaks SU"2# symmetry due to
the presence of anisotropic spin fluctuations.

Zero-field phase diagram.—First, we construct the var-
iational (mean-field) phase diagram in the variational sub-
space of site-factorized wave functions of the formQ
jjQ"dj#i, allowing complex dj’s [8], and assuming 3-

sublattice long-range order. Without magnetic field, we get
four phases (Fig. 1). Adjacent to the usual ferromagnetic
(FM) phase, which is stabilized for "=2<# < 5"=4, we
find two QP phases. The expectation value of Qi %Qj in the
site-factorized wave function subspace is

 hQi %Qji ! 2jdi % djj2 & 2=3; i ! j: (5)

Since it induces a negative QP exchange, a negative biqua-
dratic exchange tends to drive the directors collinear, lead-
ing to a stabilization of the ferroquadrupolar (FQ) state for
&3"=4<# <!MF

c with !MF
c ! arctan"&2# ' &0:35".

On the other hand, a positive biquadratic term induces a
positive QP exchange, which is minimized with mutually
perpendicular directors. On the triangular lattice, this is not
frustrating since all bonds can be satisfied simultaneously
by adopting a 3-sublattice configuration with, e.g., direc-
tors pointing in the x, y, and z directions, respectively, a
phase that can be called antiferroquadrupolar (AFQ). This
is realized between the SU"3# point and the FM phase
("=4<# < "=2).

For !MF
c < # < "=4, we get the standard 3-sublattice

120(-antiferromagnetic (AFM) phase, but with a peculiar-
ity: the spin length depends on J2=J1. It is maximal
(jhSij ! 1) for J2 ! 0 and vanishes continuously as jhSij /!!!!!!!!!!!!!!!!!!!!!
2J1 & jJ2j

p
at the FQ boundary, where the trial wave

function becomes a QP state with the director perpendicu-
lar to the plane of the spins. Approaching the SU"3# point,
jhSij !

!!!
8

p
=3, and the wave functions on the three sub-

lattices become orthogonal. Actually, at this highly sym-
metric point any orthogonal set of wave functions is a good
variational ground state. It includes the AFQ state as well,
which is connected to the AFM state by a global SU"3#
rotation.

Next, we have performed finite-size exact-
diagonalization calculations on samples with up to 21 sites.
In Fig. 2, we show the size dependence of the correlation
functions associated with the FQ, AFM, and AFQ order.
More specifically, we determine the structure factorsP
j exp)ik % rj*hC0 % Cji, where Cj stands for the spin or

quadrupolar operator at site j and k is the " or K point
in the Brillouin zone for the ferro or antiferro phases,
respectively. As can be clearly seen, the SU"3# point
separates the AFM and AFQ phases, and the # dependence
of the structure factors in the AFQ range is reminiscent of
that reported in the 1D model [9]. The phase boundary
between the FQ and AFM phases is, on the other hand,
strongly renormalized from the mean-field value !MF

c '
&0:35" to about !c ' &0:11" (J2 ' &0:4J1) [10]. We
have also verified the presence of the appropriate Anderson
towers of states in the energy spectrum for the FQ, AFM,
SU"3# AF, and AFQ phase [11]. Let us emphasize that we
found no indication of disordered or liquid phases in that
model.

Quadrupole waves.—Since the usual spin-wave theory
is not adequate to describe the excitations of QP phases, we
use the flavor-wave theory of [12]. We associate 3
Schwinger-bosons a! to the states of Eq. (3) and enlarge
the fundamental representation on a site to a fully sym-
metric SU"3# Young-diagram consisting of an M box long
row. The spin operators are expressed as S#"j# !
&i$#%&ay%"j#a&"j#. Condensing the bosons associated
with the ordering then leads to a Holstein-Primakoff trans-
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FIG. 1 (color online). (a) Zero-field phase diagram. The inner
circle is the variational result; the outer circle the exact-
diagonalization one. The magnetic phases are shaded in gray.
(b) Probabilities of spin fluctuations jhS"n̂#j ij2 in the pure state
 ! jyi (left) and in a state with finite magnetization (right).
jS"n̂#i is the coherent spin state pointing in direction n̂.
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Spin Freezing
Local probes (NQR, 
µSR) detect quasi-static 
magnetic fields at low T

Spins display static moments 
on timescales of 2µs for T<2K

Frozen state without LRO

This is inconsistent with 
the quadrupolar ground 
state

2

essary since the early-time relaxation in NiGa2S4 is very
rapid; it was not observed in earlier µSR experiments at
the KEK pulsed muon facility3 due to the relatively long
dead time inherent in pulsed µSR.

Figure 1 shows representative LF-µSR asymmetry de-
cay data8 in polycrystalline NiGa2S4. The asymme-
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FIG. 1: (color online) Representative (a) early- and (b) late-
time LF-µSR asymmetry data in polycrystalline NiGa2S4, ap-
plied longitudinal field µ0HL = 2 mT. Curves: fits to Eqs. (1–
3).

try A(t) is proportional to the muon spin polariza-
tion P (t). In agreement with previous results,4 the
early-time data at low temperatures exhibit strongly
damped oscillations, indicative of a quasistatic compo-
nent !Bloc" of the local field at the muon site. The os-
cillations are rapidly damped [Fig. 1(a)] due to inhomo-
geneity in !Bloc", leaving a second signal that relaxes
slowly [Fig. 1(b)]. This slow signal is due to the muon
spin component parallel to !Bloc" (Kubo-Toyabe behav-
ior), and its relaxation is due to the fluctuating compo-
nent !Bloc(t) = Bloc(t) # !Bloc" (Ref. 11).

It should be noted that this two-component Kubo-
Toyabe structure arises when the statistical properties
of Bloc [inhomogeneity in !Bloc", fluctuation statistics
associated with !Bloc(t)] are the same at all muon sites,
i.e., when the system is macroscopically homogeneous.
Thus the two components should not be associated with
separate volume fractions of a multiphase sample, and
are not by themselves evidence for multiple phases in
NiGa2S4. We discuss below independent evidence for in-
homogeneous spin dynamics obtained from the form of
the slow-signal relaxation.

The oscillations and Kubo-Toyabe behavior are strong
evidence for a quasistatic Ni-spin configuration in
NiGa2S4. As Tf = 8.5 ± 0.5 K is approached from be-
low, the oscillation frequency decreases rapidly and the
two-component behavior is lost. For T > Tf there is only
a single signal component, with a rapidly-increasing rate
as T $ Tf as expected from critical slowing of Ni-spin
fluctuations.

For T < Tf the asymmetry data were fit to the form

A(t) = ArPr(t) + AsPs(t) , Pr(0) = Ps(0) = 1 , (1)

where the the first and second terms represent the rapid
and slow components, respectively (“T < Tf fits”). The
total asymmetry A = Ar + As at t = 0 was assumed
independent of temperature and applied field. A damped
Bessel function

Pr(t) = exp(#"rt)J0(#µt) , (2)

indicative of an incommensurate spin structure,12 was
found to fit the early-time data better than other can-
didates such as a damped sinusoid exp(#"rt) cos(#µt)
or simple Kubo-Toyabe functions.11,13 The spectrometer
dead time of %8 ns makes the choice of fit function un-
certain, but the fit value of the oscillation frequency #µ

does not depend strongly on this choice. For the Bessel-
function fit #µ/2$ = 34 ± 2 MHz, !Bloc" = #µ/%µ =
251 ± 15 mT, where %µ is the muon gyromagnetic ra-
tio. This value is qualitatively consistent with Ni dipolar
fields at candidate muon stopping sites in the GaS layers.
The ratio "r/#µ & 0.2 is a measure of the relative spread
in !Bloc" due to disorder.

The late-time asymmetry data below Tf and the en-
tire asymmetry function above Tf (Ar = 0, “T > Tf

fits”) could be well fit with the “stretched exponential”
relaxation function

P (t) [= Ps(t) for T < Tf ] = exp[#(!t)K ] , K < 1 , (3)

often used14 to model an inhomogeneous distribu-
tion p(W ) of exponential rates W .15 The relaxation
time 1/! gives the time scale of the relaxation and the
power K controls its shape: broader distributions of re-
laxation rates are modeled by smaller values of K. For all
fits K was found to be significantly smaller than 1, indi-
cating that the spin fluctuations are inhomogeneous over
the entire temperature range.16 At low temperatures and
low fields the amplitude As of the slowly-relaxing compo-
nent is approximately A/3, as expected from quasistatic
LF-µSR relaxation in a powder sample.11

Figure 2 gives the temperature dependencies of the pa-
rameters from fits to data from both single-crystal and
polycrystalline samples. For the two samples #µ(T ) and
K reproduce well. With increasing temperature #µ de-
creases and vanishes at Tf = 8.5 ± 0.5 K, in agreement
with the kink in the bulk susceptibility.1 A mean-field
temperature dependence [Brillouin function for S = 1,
curve in Fig. 2(a)] describes the data to within experi-
mental uncertainty.
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et al

H. Takeya 
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FIG. 2: (a)69,71Ga-NMR spectra from single-crystal NiGa2S4

at 40 K (curve in upper part), 17 K (gray area), and 1.6 K
(lower part). NMR intensity normalization, i.e. taking into
account di!erence in the T2 relaxation rate (T2 correction)
has not been made. The resonant frequency is 93.5 MHz and
the magnetic field is applied along the c-axis. The time be-
tween 1st and 2nd pulses to observe spin echo is 30 µsec. The
63,65 Cu signals are from an NMR coil. (b)69,71Ga-NQR spec-
tra after T2 correction at 40 and 1.5 K using polycrystalline
samples. NQR intensity is normalized by temperature.

is nearly the same as that of two weak peaks (12.5 MHz
/ 7.5 MHz), which is equal to the ratio of the nuclear
quadrupole moment (69Q/71Q = 1.589). This indicates
that there are two sets of distinct NQR signals, and re-
veals the existence of two Ga sites with di!erent EFGs
in NiGa2S4. From the separation between two satellite
peaks in the NMR spectra at 40 K, we deduced the NQR
frequency along the principal axis (c axis) of the EFG at
the Ga site (!z). We evaluated the asymmetry parameter
" = (!y ! !x)/!z using the relation

!Q = !z

!

1 +
1

3
"2,

where !Q is the NQR resonance frequency in Fig. 2 (b).
The values of !Q, !z, and " are listed in Table I.

It is noted that two Ga NQR signals are observed,
even though there exists only one crystallographic site
for Ga in perfect NiGa2S4. From careful Inductively
Coupled Plasma (ICP) and scanning electron microscope
(SEM) measurements,3 it was revealed that S occupa-

tion is " 3.96, suggesting that the S deficiency is at most
" 1%, and that the configuration of the triangular struc-
ture is rather good. At present, the origin of the two Ga
sites is not identified, but we point out possible inclusion
of di!erent stacking units, closely related to the struc-
ture of NiGa2S4, might give rise to an additional Ga site
with a di!erent EFG. A tiny amount of sulfur deficiency
and/or disorder is considered to exist in the ‘outer’ sulfur
layer, which is shown by S(1) in Fig. 1. It is considered
that the sulfur deficiency and/or disorder is more eas-
ily introduced in the outer S(1) layer than in the inner
S(2) layers which are coupled strongly with Ni2+ ions
and form the NiS2 block layer. The fraction of the two
Ga sites estimated from the Ga-NQR intensity at 40 K,
which is normalized by 1/T2 values, is Ga(1) : Ga(2) =
0.78 : 0.22. If we assume that the Ga(2) NQR is ascribed
to the Ga site which is influenced by the sulfur deficiency
at the S(1) site, we estimate that the S(1) deficiency is ap-
proximately 7 % from the intensity ratio of two Ga NQR
signal because one S(1) deficiency gives an influence to
three Ga atoms in the low concentration limit. However,
this possibility might be excluded from the ICP result.
Instead, we consider that the stacking faults along the
c axis, which result in a di!erent stacking unit from the
bulk NiGa2S4, might be the origin of the Ga(2) site. In
any case, the linewidth of the Ga(2) NQR signal is twice
broader than that of the Ga(1) signal, it is reasonably
considered that the Ga(1) signal arises from the Ga site
with the regular crystal structure, and the Ga(2) signal
arises from the Ga site with disorder and/or defects in
the structure. This assignment is consistent with the fact
that " at the Ga(2) (" 0.75) is larger than " at the Ga(1)
(" 0.37).

The NQR-signal intensity at both Ga sites decreases
with decreasing temperature and the NQR signals disap-
pear around Tf " 10 K, indicative of a magnetic anomaly.
On further cooling, enormously broad NQR spectra were
observed as in the NMR spectra below 2 K. Since no obvi-
ous structure was found in the spectra, it is inferred that
the internal field at the Ga sites is widely distributed in
a static magnetic state at low temperatures. Such mag-
netic state is discussed in section IV B, C.

TABLE I: The quadrupole parameters for 69,71Ga(1) and
69,71Ga(2) derived from the peak position of the NMR and
NQR spectra. The ratio of quadrupole moment of Ga iso-
topes which corresponds to that of NQR resonance frequency
is 69Q/71Q =69 !Q/71!Q = 1.589.

!z [MHz] !Q [MHz] "
69Ga(1) 15.87 16.26 0.39
69Ga(2) 10.95 11.97 0.77
71Ga(1) 10.05 10.25 0.35
71Ga(2) 6.95 7.54 0.73



Spin Freezing

Lack of NQR signal for 
2K<T<10K indicates 
persistent dynamics 
that gradually slows to 
NQR frequency

H. Takeya 
et al
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FIG. 7: (a) Temperature dependence of nuclear spin-lattice
relaxation rate 1/T1. 1/T1 was measured at 69Ga(1)(•),
69Ga(2)(!) site above Tf . Below 1 K, 1/T̃1 was derived from
the fitting of m(t) measured at four frequencies in a range
between 9.5 MHz and 13 MHz. Solid squares give 1/T̃1 mea-
sured at 1.08 T with resonant frequency of 11.5 MHz. 1/T1

for NMR is normalized for the di!erence in the matrix el-
ements (see text). (b) Temperature dependence of nuclear
spin-spin relaxation rate 1/T2. Below 2.5 K, 1/T2 was mea-
sured at 12 MHz in the broad NQR spectrum a!ected by the
inhomogeneous internal fields. Decay curves below 2.5 K are
consistently fitted by a single exponential function down to a
lowest temperature as shown in Fig. 6 although 1/T1 is widely
distributed as shown in Fig. 5 (b). (c) Temperature depen-
dence of integrated intensities of spin echo after T2 correction.
Below 2.5 K, we assume that T2 is independent of frequency.

of gyromagnetic ratio (69!/71!)2 = 0.62. This indicates
that 1/T1 is dominated by the magnetic interaction with
the electrons, not by the electric quadrupole interaction.
Above 80 K, 1/T1 of 69Ga(1) is nearly constant, which
is often observed in a localized-moment system when the
temperature is higher than the exchange energy between
the localized moments. Below 80 K, as shown in Fig. 7
(a), 1/T1 gradually increases with decreasing tempera-
ture, and correspondingly the intensity of the NQR signal
decreases. Such behavior is considered as a precursor of
the spin freezing of Ni-3d spins. If we compare the tem-
perature dependence of 1/T1 at the two Ga sites, 69Ga(1)
and 69Ga(2) sites, the magnitude of 1/T1 at the Ga(1)
site is three times larger than 1/T1 at the Ga(2) site. It

should also be noted that the onset temperature of the
divergent behavior below about 80 K is higher at the
Ga(1) site than at the Ga(2) site. From the comparison
of the temperature dependence of 1/T1 at the two Ga
sites, we conclude that the magnetic anomaly seen in Tf

is an intrinsic nature of NiGa2S4, because the Ga(1) site
possesses a narrower NQR spectrum, indicative of the ho-
mogeneous site. If Tf were induced by inhomogeneity of
the sample, such as sulfur disorder and/or stacking faults,
1/T1 at the Ga(2) site, where larger inhomogeneity is sug-
gested by the NQR spectrum, would show the magnetic
precursor from higher temperatures. Obviously, this is
not the case. A similar di!erence between the Ga(1) and
Ga(2) sites, which indicates that the magnetic anomaly
at Tf is intrinsic in NiGa2S4, was also observed in 1/T2

and NQR-intensity results as shown in Figs. 7 (b) and
(c).
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FIG. 8: Temperature dependence of the NQR relaxation rate
1/T1 and 1/(4T2) at 69Ga(1) and 69Ga(2) sites.

As noted above, in the temperature range between
10 and 2 K, the NQR signal was not observed due to
the extremely short T1 and T2 beyond the limit of the
NMR measurement. Below 2 K, the relaxation rate is
distributed inhomogeneously in the low-temperature re-
gion. This multi-component T1 behavior is often ob-
served in the spin-glass8 and Kondo-disordered systems.9

1/T̃1 determined from m(t) ! exp

!

"
"

3t/T̃1

#

decreases

strongly with decreasing temperature as shown in Fig. 7
(a). Here, T̃1/3 is the time when m(t) decays to 1/e, is re-
garded as a characteristic value of T1 in multi-component
T1. 1/T̃1 was measured at several NQR frequencies from
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system close to a quantum phase transition to a 
quadrupolar phase

T

K/J

Quadrupolar
correlations

Magnetic



Symmetry

Symmetry of spiral magnetic state is “lower” 
than that of quadrupolar one

Quadrupolar: full space group symmetry, time-
reversal symmetry, and spin-rotation symmetry 
about n axis

Magnetic: symmetry only under simultaneous 
translations and spin rotations in spiral plane   

A Landau transition is allowed from a high-T 
quadrupolar state to a low-T magnetic one
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commensurate: d=|d|(e1+ie2) is magnetic order 
parameter
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approximation

T=0 variational approximation: 

properly captures quadrupolar and magnetic phases, 
and gives qualitatively correct phase diagram

Idea: promote bi bosons to classically fluctuating 
fields
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Läuchli et al, 2006
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where Qµ! is the (ferro-)quadrupolar order parameter. By
construction, Q is a traceless symmetric matrix. In the
“spin-nematic” states which we consider, the eigenvalues
of this matrix come in only two values, i.e. eigs(Q) =
{q,!q/2,!q/2}. More complicated “biaxial spin-nematic”
states are possible in principle, in which all three eigenvalues
are distinct. We will not consider them here, as there is no
obvious reason for them to occur in Eq. (1). In the remainder
of the paper, when we refer to the quadrupolar state, it will al-
ways be assumed to be of the (single axis) spin-nematic type.
Then a general Q can be written as

Qµ! =
3
2
q

!
n̂µn̂! !

1
3
!µ!

"
, (6)

where n̂ is a unit vector known as the “director”. The change
of the director by a sign, n̂ " !n̂, has no physical signifi-
cance, because Q is even in n̂. The quadrupolar state breaks
spin rotation symmetry, but retains invariance under spin rota-
tions about the axis of the director. Furthermore, it retains full
space group and time reversal symmetry.

Comparison of the symmetries of the magnetically ordered
and quadrupolar ground states reveals an important fact: the
symmetry group of the spiral state is a subgroup of the sym-
metry group of the quadrupolar one. Thus any order param-
eter of the quadrupolar state must already be non-zero in the
magnetic phase. Indeed, within Landau theory, one expects a
coupling between the magnetic and quadrupolar order param-
eters, i.e. a term in the free energy density f of the form

fQ!d = "Qµ!

#
d"µd! + d"!dµ ! 2

3d
" · d!µ!

$
, (7)

where " is a non-zero coupling constant. This generically in-
duces a non-zero Qµ! of the form in Eq. (6), with |q| # |d|2
and n̂ = ê3.

It follows that q in Eq. (6) remains non-zero across the QPT
between the magnetic and quadrupolar states. Conversely, at
this QPT, presuming it is continuous or weakly first order, the
magnetic order parameter d becomes arbitrarily small. Asso-
ciated with each of these order parameters is an energy scale,
describing the energy needed to disturb the order parameter
locally. This energy is supplied with increasing temperature,
releasing entropy associated with the ordering. As usual, the
specific heat is expected to show a peak at this characteristic
temperature (whose precise nature requires more detailed con-
siderations of symmetry, universality, and energetics). Near
the QPT, on the magnetically ordered side, one is then led to
expect two widely separated energy scales: the quadrupolar
“ordering” scale, which remains of O(1) (i.e. not parametri-
cally small near the QPT), and a much smaller magnetic “or-
dering” scale, which vanishes on approaching the QPT. There
will be a specific heat peak at each of these temperatures. The
schematic phase diagram is shown in Fig. 1. We have used
“ordering” in quotes, because in a two-dimensional system,
the continuous order parameters are prohibited from exhibit-
ing long-range order by the Mermin-Wagner theorem. How-
ever, the specific heat is dominated by short distance correla-
tions, and exhibits peaks regardless of the presence or absence
of true phase transitions.
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FIG. 1: Finite temperature phase diagram of the nearest-neighbor
only model with antiferromagnetic J1 > 0 and a ferronematic K >
0 obtained from numerical simulations in the sSU(3) approximation.
The location of the phase boundaries are obtained from the position
of the specific heat peaks in our numerical simulations. Approaching
zero temperature the semiclassical sSU(3) approximation recovers
the ground states obtained in mean-field theory. We note that the
phase boundaries indicate a rapid growth of the ferroquadrupolar and
magnetic correlation lengths, but not true long-range order excluded
by the Mermin-Wagner theorem.

III. SEMICLASSICAL SU(3) APPROXIMATION

In the previous section, we argued for the emergence of
two temperature scales and a two peak structure in the specific
heat, whenever the system is in vicinity of the QPT between
an antiferromagnetic and quadrupolar ground state. In what
follows, we will check these arguments by explicit calcula-
tions of T > 0 properties. To do this presents a serious diffi-
culty: theoretical approaches to calculate the low but nonzero
temperature behavior of frustrated quantum Hamiltonians are
extremely limited. A direct attack with quantum Monte Carlo
is prevented by the sign problem, and many other approaches
(e.g. variational wavefunctions, Lanczos diagonalization) are
restricted to ground state properties.

One natural approach is the classical approximation, in
which the quantum spin operators are replaced by continuous
classical vectors of length S. For many quantum spin models,
the success of spin-wave theory, even for low spin, proves the
applicability of this method. However, for the study of Eq. (1),
such an approach is fatally flawed. The difficulty lies in the
highly quantum nature of the quadrupolar spin-nematic corre-
lations induced by the biquadratic interaction for spin S = 1.
In particular, the ferronematic ground states favored by K > 0
are of “easy-plane” type, in which the spins may be thought
of as fluctuating quantum mechanically in the plane perpen-
dicular to the director n̂ in Eq. (6). This corresponds to the
sign q < 0. For large spin, including the classical limit, how-
ever, the biquadratic interaction with K > 0 favors collinear
states of the spins, and hence “easy axis” rather than easy-
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lies in the gauge redundancy of the bi variables, whose phase
(on each site) has no physical significance. However, no diffi-
culty is incurred in Monte Carlo simulations by simply includ-
ing the redundancy, and restricted measurements to gauge-
invariant observables. For our numerical simulations of this
semiclassical Hamiltonian we have built our implementation
of a classical Monte Carlo algorithm on the ALPS libraries11,
and in particular expanded its classical Monte Carlo appli-
cation code to sample configurations of the three-component
complex vectors or “spins” as introduced above. We give a de-
tailed account of how to measure various physical observables
in this Monte Carlo scheme in the Appendix.

IV. FINITE TEMPERATURE PROPERTIES OF THE
NEAREST-NEIGHBOR MODEL

As a first step we apply the semiclassical sSU(3) approx-
imation to numerically analyze the T > 0 thermodynamic
features and correlations of the simplest, nearest-neighbor
Hamiltonian with biquadratic exchange

H = J1

!

!ij"

Si · Sj ! K
!

!ij"

(Si · Sj)
2 , (13)

where we consider antiferromagnetic J1 > 0 and ferrone-
matic K > 0. Though our primary focus will be on finite
temperature properties of this model, it is helpful to begin by
reviewing what is already known about its ground states.

A. Ground State Properties

The full zero temperature phase diagram of the nearest-
neighbor bilinear-biquadratic model contains the conventional
ferro- and antiferromagnetic magnetic phases when K is
small, but also includes a ferroquadrupolar phase and an anti-
ferroquadrupolar phase stablized by larger values of K.

In the range of parameters of interest to us (J1 and K pos-
itive), there is a single quantum phase transition as shown in
Fig. 1. For small K/J1, the ground state is a 120-degree spiral
ground state with a reduced spin moment. Then, as K/J1 is
increased, the spin moment decreases to zero leaving a state
with only ferroquadrupolar order i.e. no average spin moment
but an identical director (identical, real b) on every site. In
the mean-field/variational approximation, this phase transition
happens precisely at K/J1 = 2. Exact diagonalization re-
sults7 for the quantum model show, however, that quantum
fluctuations strongly reduce this value to about K/J1 = 0.4.

Within mean-field theory, a detailed study shows that the
quadrupolar to antiferromagnetic quantum phase transitions
is continuous. Thus this model fits nicely into the framework
discussed in Sec. II: For any finite K/J1 up to the critical
value, the Néel and ferroquadrupolar orders actually coexist,
leading to a smooth reduction in the value of |"S#| as K is
increased.
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FIG. 2: Finite temperature calculations of (a) the specific heat and
(b) the spin and quadrupolar correlation lengths !S and !Q for the
nearest-neighbor model in the semiclassical sSU(3) approximation.
The two temperature scales associated with the rapid growth of mag-
netic and ferroquadrupolar correlations result in a characteristic two
peak structure of the specific heat. The data shown is for couplings
K/J1 = 1.5 and system sizes chosen to be commensurate with the
low-temperature spin ordering.

B. Separation of Temperature Scales

We have argued above that close to such a quantum phase
transition from spiral to quadrupolar order a spin system
may develop significant quadrupolar correlations at a distinct,
higher temperature scale than the one associated with the rapid
growth of magnetic correlations. Our numerical simulations
of the sSU(3) model associated with Hamiltonian (13) does
indeed reveal such a characteristic separation of temperature
scales for K/J1 sufficiently close to the quantum phase transi-
tion which in mean-field approximation occurs at K/J1 = 2.

In particular, we find that in the proximity of the quantum
phase transition K/J1 < 2 the measured specific heat de-
velops two distinct peaks as illustrated in Fig. 2. Calculat-
ing the ferroquadrupolar and magnetic correlation lengths, we
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can associate the upper peak with the rapid growths of fer-
roquadrupolar correlations while the lower peak indicates the
onset of magnetic correlations (with a wavevector of length
4!/3 that is characteristic of the 120-degree state). We note
that although the correlation lengths grow to be very large be-
low each of the two temperature scales, they remain finite,
consistent with the absence of long-range order. While the
high temperature peak in the specific heat shows no singular
behavior as we cross the location of the quantum phase transi-
tion at K/J1 = 2, we find that the lower peak approaches
zero-temperature exactly at the QPT. For smaller values of
K/J1 < 2 the two peaks get closer and eventually merge
around K/J1 ! 5/4, below which we only observe one tem-
perature scale indicated by a single peak in the specific heat.

We summarize our results for the nearest-neighbor model
(13) in the phase diagram of Fig. 1, where the phase bound-
aries indicate the locations of the respective peaks in the cal-
culated specific heat. Note that these phase boundaries are not
phase transitions, due to the absence of long-range order as
mandated by the Mermin-Wagner theorem.

Finally, we note that the numerical results of our sSU(3)
approximation are not expected to be quantitatively correct,
as it becomes clear from the quantitative discrepancy to ex-
act diagonalization results. However, we emphasize that the
key ingredient underlying our qualitative results is a contin-
uous quantum phase transition in which the magnetic order
smoothly vanishes but the quadrupolar order survives in both
phases. As long as the full inclusion of quantum effects does
not lead to the zero temperature phase transition actually be-
coming strongly first order, then a separation of temperature
scales should generically be observed when the parameters of
this system are near the quantum critical region.

V. THE J3-J1-K MODEL

We now turn to the full model in Eq. (1) including a third-
nearest-neighbor coupling, which is necessary to properly
capture incommensurate magnetic correlations at low temper-
atures. We assume antiferromagnetic third-neighbor interac-
tions J3 > 0 and ferronematic K > 0 (as before), but now
consider a ferromagnetic nearest-neighbor coupling J1 < 0.
It is this combination of couplings that will realize the proper
magnetic correlations observed in NiGa2S4. As we shall see,
the presence of an incommensurate spiral ground state has in-
teresting consequences in that it introduces a true finite tem-
perature phase transition associated with anisotropic spin fluc-
tuations.

While we find that the above model can now account for
the type of magnetic order observed in NiGa2S4, it still can-
not explain the fact that the spin order never grows to be long
ranged and exhibits slow dynamics. Therefore we will ulti-
mately have to consider the role of disorder before discussing
our results in the context of the real material.
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FIG. 3: Zero temperature phase diagram of the model with antifer-
romagnetic third-nearest-neighbor coupling J3 and nearest-neighbor
ferromagnetic J1 and ferronematic K couplings obtained from nu-
merical simulations in the sSU(3) approximation. The three phases
present at zero temperature have a ferroquadrupolar, 120 degree spi-
ral or incommensurate spiral ground state, with continuous transi-
tions (dashed lines) between the ferroquadrupolar and spiral states
and a first-order transition between the 120 degree and incommensu-
rate spiral states. The cross-hatched area marks the region where our
finite temperature calculations indicate two temperature scales. Such
a separation is observed both in specific heat (filled diamonds) and
correlation length measurements (open circles) which are expected
to coincide in the thermodynamic limit. The red triangle marks the
location of the representative system, for which we show finite tem-
perature properties in Fig. 4.

A. Ground States

We again start our analysis of of Hamiltonian (1) by dis-
cussing its zero temperature phase diagram calculated in
mean-field approximation. For the range of parameters of
interest, we assume that it is sufficient to take the magnetic
ground states to be coplanar and invariant under the combina-
tion of a lattice translation and spin rotation associated with
a single wavevector. Under these two assumptions, the most
general possible choice for the vector of amplitudes bi de-
scribing the wavefunction at a single site is, up to a global
O(3) spin rotation,

bi =

!

"
sin " cos(k · ri)ei!

sin " sin(k · ri)ei!

cos "

#

$ .

Minimizing the energy over the variables k, " and # we obtain
the zero temperature phase diagram shown in Fig. 3. For small
values of K/J3, the ground states are again spirals with a re-
duced spin moment. Along the line |J1| = K/2 for K < 1,
the wavenumber describing these spiral states ground states
jumps from 4!/3 to 2!/3 and then continuously decreases to
zero with increasing |J1|, ultimately leading to a ferromag-
netic ground state for very large values of |J1|/J3. The new
feature in this phase diagram is thus a large region of parame-
ters for which the spiral is incommensurate (with wavevector
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k < 2!/3). Increasing the biquadratic exchange K for fixed
|J1|/J3, these spiral ground states smoothly transform into
a ferroquadrupolar ground state with !S" = 0 which is the
ground state for large K.

B. Separation of Temperature Scales

Similar to the nearest-neighbor only model we expect on
symmetry grounds that also the model with third-neighbor in-
teractions exhibits a separation of temperature scales in the
vicinity of the continuous quantum phase transition between
the ferroquadrupolar and (incommensurate) spin spiral state.
Indeed our numerical simulations of this model in the sSU(3)
approximation reveal a broad range of couplings in the vicin-
ity of this line of continuous transtions where both specific
heat and correlation length measurements indicate two differ-
ent temperature scales as indicated by the cross-hatched area
in Fig. 3.

In agreement with the symmetry arguments in support of
this temperature scale separation we again find that the up-
per temperature scale corresponds to the rapid growth of
quadrupolar correlations while the lower temperature is asso-
ciated with the onset of magnetic correlations. Numerical data
for a representative choice of parameters (indicated by the red
triangle in Fig. 3) is shown in Fig. 4, where we plot the spe-
cific heat and correlation length measurements as before. The
exact parameters K/J3 = 1.1 and J1/J3 # $1.14855 and
system sizes are again chosen such that the low temperature
spiral state has a commensurate spatial period (in this case 7
lattice spacings) which in turn allows to compute the correla-
tion lengths directly from the respective structure factors.

C. C3 Bond Ordering Transition

As ferroquadrupolar correlations only break the continuous
SU(2) symmetry, the transition at the upper temperature scale
should not be associated with the onset of true long-range or-
der as mandated by the Mermin-Wagner theorem. Indeed a
finite-size scaling analysis of our numerical data shows that
the high-temperature peak in the specific heat is non-divergent
as we increase the system size, as illustrated in Fig. 5.

A similar analysis for the transition at the lower temperature
scale, however, reveals that more interesting things can hap-
pen. For any choice of parameters that puts the ground state
of the system into the incommensurate spiral phase, the lower
peak of the specific heat appears to diverge sharply as shown
in Figs. 4(a) and 6. This divergence indicates a true phase
transition, which in two dimensions must reflect the breaking
of some discrete symmetry in accordance with the Mermin-
Wagner theorem. (In principle such a divergence could also
be explained by a first-order transition without a change of
symmetry, but will be ruled out below.)

The key observation to explain this phase transition to a
long range ordered state is that any (incommensurate) spiral
state on the triangular lattice with wavenumber |k| < 4!/3
exhibits spin correlations that are stronger along one axis than
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FIG. 4: Finite temperature calculations of (a) the specific heat, (b)
the spin and quadrupolar correlation lengths !S and !Q and (c)
the nematic order parameter |"|2 for the model with third-nearest-
neghbor interaction in the semiclassical sSU(3) approximation. The
two temperature scales associated with the rapid growth of mag-
netic and ferroquadrupolar correlations again result in a character-
istic two peak structure of the specific heat. The data shown is for
couplings K/J3 = 1.1 and J1/J3 = !1.14855 and system sizes
chosen to be commensurate with the low-temperature spin ordering.
In contrast to the nearest-neighbor model, we see a divergent lower
peak corresponding to the breaking of lattice rotational symmetry by
anisotropic spin fluctuations.
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k < 2!/3). Increasing the biquadratic exchange K for fixed
|J1|/J3, these spiral ground states smoothly transform into
a ferroquadrupolar ground state with !S" = 0 which is the
ground state for large K.

B. Separation of Temperature Scales

Similar to the nearest-neighbor only model we expect on
symmetry grounds that also the model with third-neighbor in-
teractions exhibits a separation of temperature scales in the
vicinity of the continuous quantum phase transition between
the ferroquadrupolar and (incommensurate) spin spiral state.
Indeed our numerical simulations of this model in the sSU(3)
approximation reveal a broad range of couplings in the vicin-
ity of this line of continuous transtions where both specific
heat and correlation length measurements indicate two differ-
ent temperature scales as indicated by the cross-hatched area
in Fig. 3.

In agreement with the symmetry arguments in support of
this temperature scale separation we again find that the up-
per temperature scale corresponds to the rapid growth of
quadrupolar correlations while the lower temperature is asso-
ciated with the onset of magnetic correlations. Numerical data
for a representative choice of parameters (indicated by the red
triangle in Fig. 3) is shown in Fig. 4, where we plot the spe-
cific heat and correlation length measurements as before. The
exact parameters K/J3 = 1.1 and J1/J3 # $1.14855 and
system sizes are again chosen such that the low temperature
spiral state has a commensurate spatial period (in this case 7
lattice spacings) which in turn allows to compute the correla-
tion lengths directly from the respective structure factors.

C. C3 Bond Ordering Transition

As ferroquadrupolar correlations only break the continuous
SU(2) symmetry, the transition at the upper temperature scale
should not be associated with the onset of true long-range or-
der as mandated by the Mermin-Wagner theorem. Indeed a
finite-size scaling analysis of our numerical data shows that
the high-temperature peak in the specific heat is non-divergent
as we increase the system size, as illustrated in Fig. 5.

A similar analysis for the transition at the lower temperature
scale, however, reveals that more interesting things can hap-
pen. For any choice of parameters that puts the ground state
of the system into the incommensurate spiral phase, the lower
peak of the specific heat appears to diverge sharply as shown
in Figs. 4(a) and 6. This divergence indicates a true phase
transition, which in two dimensions must reflect the breaking
of some discrete symmetry in accordance with the Mermin-
Wagner theorem. (In principle such a divergence could also
be explained by a first-order transition without a change of
symmetry, but will be ruled out below.)

The key observation to explain this phase transition to a
long range ordered state is that any (incommensurate) spiral
state on the triangular lattice with wavenumber |k| < 4!/3
exhibits spin correlations that are stronger along one axis than
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FIG. 4: Finite temperature calculations of (a) the specific heat, (b)
the spin and quadrupolar correlation lengths !S and !Q and (c)
the nematic order parameter |"|2 for the model with third-nearest-
neghbor interaction in the semiclassical sSU(3) approximation. The
two temperature scales associated with the rapid growth of mag-
netic and ferroquadrupolar correlations again result in a character-
istic two peak structure of the specific heat. The data shown is for
couplings K/J3 = 1.1 and J1/J3 = !1.14855 and system sizes
chosen to be commensurate with the low-temperature spin ordering.
In contrast to the nearest-neighbor model, we see a divergent lower
peak corresponding to the breaking of lattice rotational symmetry by
anisotropic spin fluctuations.



sSU(3) Results

The low-T transition is weakly first order

Similar transition found by R. Tamura and N. Kawashima (2008) in 
classical J1-J3 spin model
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FIG. 5: Finite-size scaling of the upper peak in the specific heat of
the representative system with couplings K/J3 = 1.1 and J1/J3 =
!1.14855. While the peak slightly shifts with increasing system
size, there is clearly no divergence.
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FIG. 6: Finite-size scaling of the lower peak in the specific heat of the
representative system with K/J3 = 1.1 and J1/J3 " !1.14855.
The trend with increasing system size clearly suggests a divergence
in the thermodynamic limit.

the other two, unlike the 120-degree state, in which every spin
differs from its neighbors by the same angle. Therefore any
incommensurate spiral state spontaneously breaks the discrete
C3 rotational symmetry of the lattice and there is nothing to
prevent this symmetry breaking from occurring at a finite tem-
perature. Indeed, it has recently been shown that the related
classical model with O(3) spins on the triangular lattice and
first and third neighbor exchange spontaneously breaks the C3

lattice rotation symmetry at low temperature12. In the C3 bro-
ken state the system exhibits “bond order” in the sense that
the exchange energies for bonds along different principle axes
become distinct.

To confirm that the lower temperature scale in our sSU(3)
model does indeed correspond to the breaking of lattice rota-
tional symmetry, we define a bond order parameter !, which is
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FIG. 7: Histogram of the energy density for our representative
system in the vicinity of the low temperature transition. The bi-
modal character of this distribution proliferates with increasing sys-
tem size, which is indicative of a first-order transition. Data for dif-
ferent system sizes/temperatures are shown; in particular L = 84
(T/J3 = 0.2377), L = 98 (T/J3 = 0.2374), and L = 112
(T/J3 = 0.2361).

nonzero only in the presence of anisotropic spin correlations:

! =
1
N

!

i,µ

(ax
µ + iay

µ) !Sri · Sri+aµ" ,

where a1 = x̂ and a2,3 are its rotations by 2"/3 and 4"/3, re-
spectively. This order parameter is a complex number whose
argument reveals the direction of the strongest correlations
and whose magnitude for a spiral state with wavenumber k
is given by

|!| = !|S|"2 [cos(k)# cos(k/2)] .

Moreover, we note that ! is invariant under the transformation
Si $ #Si and under a lattice rotation of angle ". Thus, any
nonzero value of ! indicates that the system is one of three
inequivalent bond ordered phases related to each other by lat-
tice rotations of 2"/3 (cf. the discussion on spiral magnetic
domains in section II).

Measurements of this bond order parameter for the sSU(3)
model associated with Hamiltonian (1) confirm that the sys-
tem enters a bond ordered state for couplings leading to an
incommensurate spiral ground state, as shown in Fig. 4 (c) for
our representative system. To determine the order of this low
temperature transition we have measured energy histograms
in the vicinity of the transition temperature. The bimodal his-
togram distribution, shown in Fig. 7, unambiguously points to
a first-order transition, which is also indicated by the narrow
peak in the specific heat and the apparent jump of the mag-
netic correlation length in Fig. 4 (b). Thus the C3 transition
in the sSU(3) model has the same qualitative properties as the
corresponding transition in the O(3) model which was also
found to be first order12.
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Disorder
Low temperature phase has C3 “bond order”

Domains respond differently to random exchange

Impurities act as random fields on C3 bond order

k120˚

BZ



Imry-Ma Argument

Discrete symmetry breaking LRO is 
destroyed by arbitrarily weak random fields 
in 2 dimensions

Creates a mosaic of domains 

ξ



Glassy State

Correlations between domains?

assume coplanar state

phase θi for each domain i

di = |d|(x̂i + iŷi)ei!i

θ1
θ2 θ3

θ4 θ5
θ6

uniformly 
distributed

H =
!

!ij"

|Kij | cos(!i ! !j ! "ij)



Gauge Glass

Heavily studied since the 1990s primarily as a 
model for the “vortex glass” phase of dirty type-
II superconductors in a magnetic field

Excitations are

Goldstone modes = “magnons” = Halperin-Saslow 
modes (c.f. D. Podolsky+ YB Kim, 2009)

“Droplets”: non-smooth deformations of phases

H =
!

!ij"

|Kij | cos(!i ! !j ! "ij)



Gauge Glass

Droplet theory of spin glasses - DS Fisher and D. 

Huse, 1988  

Energy E ~ A L-|θ|, θ ≈ -0.36

Droplets with E < kBT are thermally fluctuating

Glass correlation length

Glassy dynamics

Describes a continuous freezing process at 
low temperature (dlc>2)

!g ! !(T0/T )1/|!|

!g ! exp
!
(T0/T )1+!/|"|

"

c.f. Katzengraber + Young, 2002



Why NiGa2S4?
Nearly 90˚ nearest-neighbor exchange path

Leads to weak FM J1 and hence 
incommensurate correlations

Enhances K by spin-phonon coupling?

Very Heisenberg-like

Magnetic anisotropy acts as quadrupolar field

Very two dimensional

strong fluctuation effects



Summary

Two peak structure of specific heat is a 
signature of quadrupolar correlations

Glassy behavior is expected due to the 
random field nature of the domain structure 
of the incommensurate magnetic ground state

T

K/J

Quadrupolar
correlations

Magnetic

arXiv:0904.4683



More...

Difference between integer and half-integer 
impurities in NiGa2S4 ? Y. Nambu et al, 2008

in progress!

Field theory of quadrupolar QCP

Quantitative improvements to sSU(3) 
approach?

References so far: arXiv:0904.4683


