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Frustrated magnetism 
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Geometrical frustration in 2 dimensions: the kagome lattice 
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Frustration in molecular magnetism



Conventional magnetism
Frustrated magnetism
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Temperature > Interactions => paramagnetic behavior

Transition temperature ~ Interactions

Temperature < Interactions
=> ordered state

In a spin system, in the presence of magnetic interactions:
 

Temperature => tends to promote disorder
=> competes with magnetic interactions

ferromagnetic antiferromagnetic



Definition
Frustrated magnetism
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A spin model is frustrated if it cannot minimize simultaneously all interactions 

Can occur due to: 
- competing interactions
- specific geometry of the lattice
- disorder

Ising XY

Heisenberg

nature of the spin

1D

2D

3D

lattice dimension

Important ingredients: 

Consequence:  the system does not stabilize conventional magnetic orderings 
- no ordering is observed at T< interactions
- complex and non collinear magnetic structures
or new disordered but correlated states: spin liquids 

AND
important role of thermal and quantum fluctuations

massive degeneracy / entanglement of the ground state
emergent degrees of freedom



Some experimental signatures
Frustrated magnetism
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TT
N

1/χ

0θ
CW

T
N

� / 1/ (T � ✓CW)

Frustration parameter: 

Compare the interaction scale to the ordering scale

f =
TN

|✓CW|

Curie-Weiss law:

Susceptibility: Transition temperature ≪ Curie-Weiss temperature θCW ~ Interactions J

Specific heat: Residual entropy (if no or partial ordering) 
+ Correlation bump at T ~ J

C/T

T

Neutron diffraction: Diffuse scattering characteristic of the correlations at T ≲ J
Conventional magnet

Paramagnetic 
diffuse scattering 

S(Q)

Q

T ≫ J
S(Q)

T ≪ Tc ~ J
Bragg peaks

S(Q)
Correlated 

diffuse scattering

Q

T ≲ J
Frustrated magnet



Geometric frustration
Frustrated magnetism
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= frustration induced by the geometrical properties of the crystal lattice 

Antiferromagnetic interactions (J>0) ⇒ Frustration in polygons with odd number of edges

Triangle

Ising spins

?

Pentagon

?

⇒ degeneracy: several states are possible

?

?

Tetrahedron

XY - Heisenberg spins

120° structures
H = �J

h
~S1.~S2 + ~S2.~S3 + ~S1.~S3

i

= �J
h
~S1 + ~S2 + ~S3

i2
+ cst

Energy minimized for 
X

i

~Si = ~0



Role of the connectivity
Frustrated magnetism
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Triangular lattice 
Edge sharing triangles

No degeneracy

Néel order

2D lattice - XY spins

Kagome lattice 
Corner sharing triangles

Macroscopic degeneracy

Spin liquid

but more constrained than in 1D

degeneracy can be lifted by: additional interactions, anisotropy…

Degeneracy increases with decreasing connectivity
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Frustrated magnetism 
- Definition 
- Some fingerprints
- Geometrical frustration

Geometrical frustration in 2 dimensions: the kagome lattice 
- Classical spin liquid: Heisenberg kagome antiferromagnet
- Quantum spin liquid: spin 1/2 kagome antiferromagnet

Geometrical frustration in 3 dimensions: the pyrochlore lattice 
- Rare-earth pyrochlore oxides
- Classical spin ice state and magnetic monopoles
- Magnetic fragmentation
- Quantum spin ice

Frustration in molecular magnetism



Classical kagome antiferromagnet
Kagome lattice
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configuration for XY spins

XY spins ⇒ Heisenberg spins : ???

a

 can go continuously from a to b without energy cost

 classical Heisenberg kagome antiferromagnet  
= infinitely degenerate ground state

b

Heisenberg spins: spins can move out of the plane 
but spins in a triangle have to remain at 120 ° to minimize energy

X

i

~Si = ~0



Classical kagome antiferromagnet
Kagome lattice
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Infinitely degenerate ground state
⇒ No long range order down to 0 K 

• Low temperature T < 0.1 J : 
Spin liquid correlations = short-range correlations independent of temperature 

• Very low temperature T < 5×10-3 J : 
"Order by disorder"  = thermal fluctuations select states 

with the highest density of low energy excitations
Villain et al., J. Phys. 1980

=> entropic selection of coplanar states, but no long range order

Zhitomirsky, PRB 1998
Chalker et al, PRL 1992

order 
 by disorder

 3 × 3 q = 0

example of coplanar states: 



Experimental realizations
Kagome lattice
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Real systems

Very hard to synthesize pure Heisenberg kagome systems

Presence of perturbations: 
Anisotropy 
Additional interactions:Next nearest neighbor,

Dzyaloshinsky-Moriya ,dipolar, interplane
Distorsions
Impurities, disorder…

Lift the ground state degeneracy  
Can lead to: 

- Antiferromagnetic order

i.e. q = 0 and               configurations
- Glassy behavior
- Unconventional magnetic states

p
3⇥

p
3

Jarosite family: kagome lattice made of transition metal atoms 

Formula:  AM3(OH)6(SO4)2 orAM3 (OH)6(CrO4)2, 

A=H3O, Na, K, Ag,… and M3=Cr3+, V3+, Fe3+

Wills, Phys Rev B 63 (2001)



Jarosites
Kagome lattice
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Case of (D3O)Fe3(OD)6(SO4)2 , Fe3+: S=5/2 
  Fåk et al., EPL 81 (2008)

Disordered state 
• spin-liquid like correlations 
• unconventional freezing Tg below 15 K

All others :  
Long range order at TN ~ 60 K ≪ J ~ -700 K
=> Frustration released by 2nd order perturbation 

Example: KFe3(OH)6(SO4)2  

• q = 0 “umbrella” magnetic structure : 
120° moment on each triangle
+ weak out of plane component (due to Dzyaloshinsky-Moriya interaction)

• Flat mode in the excitations 
=> Lifted q = 0 weather-vane mode

Grohol et al., Nature Mat. 4 (2005)
Matan et al., PRL 96 (2006) 



Quinternary oxalates
Kagome lattice
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= kagome-like compounds with a strong multiaxial anisotropy

Compounds with generic formula: 
Na2Ba3M3(C2O4)6X where M = Fe2+ 

and X = AIV(C2O4)3 with AIV = Zr, Sn

or   X = [AIII(C2O4)3]0.5[AIII(C2O4)2(H2O)4]0.5  with  AIII = Fe

Multiaxial anisotropy lifts the degeneracy 
Ordering at 3 K  in a "q=0" structure  
with 120° spins within the (a,b) plane

0
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Persistent dynamics at low temperature 
allowed by the low connectivity

Lhotel et al., Phys. Rev. Lett. 107 (2011), EPJB 86 (2013)



Quantum kagome antiferromagnet
Kagome lattice
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S=1/2 + antiferromagnetic interactions: 
often described in terms of singlets formed by 2 neighbor spins = entangled state

=
1p
2
(| "#i � | #"i)

kagome lattice can be mapped 
with a large number of singlet configurations

excitations = spinons (S=1/2) 
that can be deconfined

“gapped Z2 spin-liquid”
= superposition of singlet coverings

What is the nature of the ground state ? still not known… 
2 main candidates: 

“U(1) gapless spin liquid”
excitations have a Dirac dispersion

I. Chapitre 2. Matériaux kagome quantiques

Figure 2.1 – Haut : Représentation partielle de la structure de l’herbertsmithite montrant les plans
kagome formés par les ions Cu2+ et séparés par les ions non magnétiques Zn2+. Bas : Évolution de la
structure cristallographique de la famille des paratacamites en fonction du taux en Zn.

26

Best realization: herbertsmithite Cu3Zn(OH)6Cl2 from Kermarrec, PhD thesis

Spin liquid  
gap < 5x10-3 J if any

but defects, additional interactions…
Norman, Rev. Mod. Phys. 88 (2016)
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Frustrated magnetism 
- Definition 
- Some fingerprints
- Geometrical frustration

Geometrical frustration in 2 dimensions: the kagome lattice 
- Classical spin liquid: Heisenberg kagome antiferromagnet
- Quantum spin liquid: spin 1/2 kagome antiferromagnet

Geometrical frustration in 3 dimensions: the pyrochlore lattice 
- Rare-earth pyrochlore oxides
- Classical spin ice state and magnetic monopoles
- Magnetic fragmentation
- Quantum spin ice

Frustration in molecular magnetism



Pyrochlore oxide systems
Pyrochlore lattice
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formula R2M2O7 (R = rare-earth, M = metal) - cubic lattice 
= two interpenetrated lattices of corner sharing tetrahedra 

exchange interactions between R ions in the Kelvin range

large variety of R and M in the structure
 to change: magnetic moment value, anisotropy, exchange couplings 
=> rich playground in frustrated magnetism to probe unconventional states

Gardner et al.,  Rev. Mod. Phys. 82 (2010)

Fd3̄m

The most studied  pyrochlores oxides: 

Titanates: R2Ti2O7 Stannates: R2Sn2O7 

R=Dy, Ho spin-ice 
R=Tb spin-liquid ordered spin-ice
R=Er order by disorder Palmer-Chalker state
R=Yb        partial ferromagnetic order 

Illustrate the crucial importance of the non magnetic M

Iridates: R2Ir2O7 

Strong spin-orbit coupling 
=> exotic magnetic and 

transport properties

New pyrochlores 

To probe the role of quantum fluctuations 
ex: R= Nd, Pr, … M=Zr, Hf …  
possible thanks to great progress in crystal growth



Pyrochlore oxide systems
Pyrochlore lattice 
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formula R2M2O7 (R = rare-earth, M = metal) - cubic lattice 
= two interpenetrated lattices of corner sharing tetrahedra 

exchange interactions between R ions in the Kelvin range

large variety of R and M in the structure
 to change: magnetic moment value, anisotropy, exchange couplings 
=> rich playground in frustrated magnetism to probe unconventional states

Fd3̄m

the rare-earth ion has a local anisotropy with respect to its local <111> axis
induced by its crystal electric field

Gardner et al.,  Rev. Mod. Phys. 82 (2010)



All in - all out state
Pyrochlore lattice
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In the presence of a local Ising anisotropy along the <111> axes of the tetrahedra

case of  antiferromagnetic interactions 
 not frustrated 

=> ordered antiferromagnetic state 
“all in - all out” configuration  

Bramwell et al., J. Phys.: Condens. Matter 10 (1998) 

ex: induced order in Nd2Ir2O7, Tb2Ir2O7
Tomiyasu et al., J. Phys. Soc. Jpn. 81 (2012)

Lefrançois et al., Phys. Rev. Lett. 114 (2015)



Spin ice
Pyrochlore lattice
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In the presence of a local Ising anisotropy along the <111> axes of the tetrahedra

case of ferromagnetic interactions  
=> disordered degenerate spin-ice ground state
local constraint, the ice-rule “2 spins in - 2 spins out” 

Harris et al., Phys. Rev. Lett. 79 (1997) 

ex: Dy2Ti2O7, Ho2Ti2O7…
disordered state down to 50 mK
enters the spin ice state below 800 mK
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Fennell et al., Science 326 (2009)

=> power law correlations in certain space directions:
give rise to a specific pattern of the magnetic scattering function
with pinch points 

Isakov et al., Phys. Rev. Lett. 93 (2004)
 Henley,  Phys. Rev. B. 61 (2005)

Ice-rule can be mapped to a divergence-free field
+ disordered ground state

=> Coulomb phase 
Henley,  Ann. Rev. Condens. Matter Phys. 1(2010)

Ho2Ti2O7
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Spin ice and magnetic monopoles
Pyrochlore lattice
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A spin flip costs energy 
⇒ excitation = magnetic monopole

3out-1in

Ground state: 
2in – 2out

-

+
3in-1out

20

Castelnovo et al., Nature 451 (2008)

in the crystal ⇒ creation of a monopole pair
Once created, monopoles can separate and move

from Moessner et al., Nature Phys. 5 (2009)

Monopoles interact through Coulombic interactions
Castelnovo et al., Nature 451(2008)

Paulsen et al., Nature Phys. 12 (2016)

In the presence of a large monopole density: 
magnetic charge ordering 

⇒ Stabilization of a monopole crystal
Borzi et al., Phys. Rev. Lett. 111 (2013)

Brooks-Bartlett et al., Phys. Rev. X 4 (2014)



Magnetic fragmentation
Pyrochlore lattice
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Observed in pyrochlore oxides  
Nd2Zr2O7, Ho2Ir2O7

Petit et al., Nature Phys. 12 (2016)
Lefrançois et al., Nature Comm. 8 (2017)

an ordered component 
"all-in all-out"

= carries the charge
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To minimize energy / maximize entropy: 
the magnetic moment fragments into 2 parts

Brooks-Bartlett et al., Phys. Rev. X 4 (2014)= Coexistence of a fluctuating and an ordered states

If a monopole crystal is stabilized:
Magnetic charge ordering but “3in-1out” / “1in-3out” disordered configurations



Quantum spin ice
Pyrochlore lattice
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Nowadays : search for the quantum counterpart of spin ice = Quantum spin ice 

Theory: Quantum spin ice =  U(1) gapless spin liquid state
 with new excitations: “photon” excitation at low energy

Hermele et al., Phys. Rev. B 69 (2004)

SEEING THE LIGHT: EXPERIMENTAL SIGNATURES OF . . . PHYSICAL REVIEW B 86, 075154 (2012)

where g is the strength of the tunneling matrix element and
Htunneling acts on the space of all possible ice (or dimer)
configurations.

Both Moessner and Sondhi46 and Hermele et al.47 also in-
troduced an additional control parameter µ to the Hamiltonian

Hµ = Htunneling + δHµ, (4)

where

δHµ = µ
!

!
[|!⟩⟨!| + |"⟩⟨"|]. (5)

This makes it possible to fine tune the model to an exactly
soluble Rokhsar-Kivelson (RK) point g = µ, where the
ground-state wave is an equally-weighted sum of all possible
ice (dimer) configurations.49 The authors then argued, by
continuity, that a quantum liquid phase would occur for a finite
range of parameters µ # 1 bordering on the RK point.46,47

The most striking feature of this quantum liquid is “light.”
Attempts to construct models with “artificial light”—gapless
photon excitations of an effective, low-energy U (1) gauge
field—have a long history.50 In recent years, it has been
realized that large families of lattice models could, in principle,
be described by such theories. These include abstract models
of “quantum order,”51,52 Bose-Hubbard models bordering on
superfluidity,53 systems of screened dipoles,54 and suitably
adapted sigma models.56 Reviews of these ideas can be found
in papers by Motrunich and Senthil55 and Wen and Levin.57

The way in which light arises in three-dimensional quantum
ice and quantum dimer models is particularly simple. The
ice-rules constraint Eq. (1) is most conveniently resolved as

B(r) = ∇ × A(r). (6)

The new feature that enters where there is tunneling between
ice configurations is the fluctuation in time of the gauge field
A(r). In conventional electromagnetism, this gives rise to an
electric field

E(r) = −∂A(r)
∂t

. (7)

Then, following the heuristic arguments of Moessner and
Sondhi46—or the more microscopic derivation of Hermele
et al.47—it is reasonable to suppose that a quantum liquid
found bordering the RK point {Hµ [see Eq. (4)] with µ # 1},
would be governed by the Maxwell action

SMaxwell = 1
8π

"
dtd3r[E(r)2 − c2B(r)2]. (8)

Any state described by SMaxwell [see Eq. (8)] automatically
supports linearly dispersing transverse excitations of the gauge
field A(r)—photons, with a speed of light c. On the lattice,
such a magnetic photon would have a dispersion ω(k) of the
form illustrated in Fig. 3.

Moreover, the fact that the spins now fluctuate in time as
well as space introduces an additional power of k in energy-
integrated (i.e., equal time) spin correlations,47,48

⟨Sµ(−k)Sν(k)⟩quantum ∝ k

#
δµν − kµkν

k2

$
, (9)

FIG. 3. (Color online) Ghostly magnetic “photon” excitation as
it might appear in an inelastic neutron scattering experiment on a
quantum spin ice realising a quantum ice ground state. The photon
dispersion ω(k) is taken from lattice gauge theory developed in
Sec. II C of this paper, convoluted with a Gaussian representing the
finite energy resolution of the instrument. The intensity of scattering
vanishes as I ∝ ω(k) at low energies.

which serves to eliminate the pinch points seen in quasielas-
tic neutron scattering experiments [see Fig. 1(b)].58 More
formally, this theory is a compact, frustrated U (1) gauge theory
on a diamond lattice, and we will refer to the liquid state it
describes as the quantum U (1) liquid below.

The degree of fine tuning in these arguments, and the
need to introduce additional parameter µ [see Eq. (5)], might
seem to render them of purely academic interest. However,
the idea of a quantum U (1) liquid found strong support in
finite-temperature quantum Monte Carlo simulations of an
ice-type model of frustrated charge order on the pyrochlore
lattice.59 Subsequently, it has proved possible to determine
the ground-state phase diagrams of both the quantum dimer
model of Moessner and Sondhi,46 and the quantum ice model
of Hermele et al.,47 from zero-temperature quantum Monte
Carlo simulations.58,60,61 Both models contains extended
regions of a quantum liquid phase, connecting to the RK
point. In both cases, this quantum liquid has low-energy
excitations, which are described by a lattice analog of quantum
electromagnetism.58,60,61 Significantly, in the case of the
quantum ice model, this quantum liquid phase encompasses
the “physical” point of the model µ = 0, and so does not
require any fine-tuning [see Fig. 4].58

The theoretical possibility of a three-dimensional spin-
liquid state with excitations described by a lattice analog
of quantum electromagnetism is now well established. What
remains is to connect these ideas with experiments. The
purpose of this paper is therefore to set out predictions for
the correlations that would be measured in neutron scattering
experiments, if such a state were realized in a spin-ice mate-
rial. For concreteness, we work with the minimal lattice model
introduced by Hermele et al.,47 transcribed to coordinates
appropriate for a spin ice. More realistic generalizations of
this model will be considered elsewhere.62

075154-3

Benton, Phys. Rev. B 86 (2012)

Rep. Prog. Phys. 77 (2014) 056501 Review Article

Figure 3. Schematic of the spectrum of excitations in quantum spin
ice including the approximate energy scales and different naming
conventions.

phases, which have two polarizations because one direction
is fixed by the broken symmetry, the fact of having two
polarizations of photon excitations, whether fundamental or
emergent, is enforced by gauge invariance. In this section, we
shall see in a little more detail how magnetic interactions may
give rise to a variant of ordinary quantum electrodynamics.
We then describe various properties of these exotic phases
and review some of the ways in which they might be probed
experimentally in real quantum magnets. Next, we consider
the naturalness of quantum spin ice models and discuss, from a
very general perspective, the prospects of seeing quantum spin
liquids of this type in real materials. We conclude with a short
section (section 3.6) mentioning other possible condensed
matter realizations of U(1) liquids as well as putting quantum
spin ice into the broader context of understanding quantum
spin liquid phases.

3.1. From a spin model to loops

We begin by returning to classical spin ice because it is, in
some sense to be made more precise later, the precursor state
to the quantum spin liquid state of quantum spin ice systems.
Also, it will give us a classical example in which a U(1) gauge
redundancy appears, or really emerges, at low energies in a
magnet. The key to making a spin ice is to frustrate an Ising
model by putting it on a pyrochlore lattice (see figure 2). As
discussed earlier in section 2.1, in real magnets, the Ising spins
interact in spin space as though they were pointing along the
local ⟨1 1 1⟩ directions. The interactions in a classical nearest-
neighbour spin ice (CSI) model are described by the same
Hamiltonian as in equation (1) that we rewrite here:

HCSI = J∥
!

⟨ij⟩
Sz

i S
z
j . (3)

To emphasize something we have already mentioned: this
classical Hamiltonian has a hugely degenerate ground state

composed of spin configurations fulfilling the ‘ice rule’ of two
spins pointing in and two pointing out of each tetrahedron as
illustrated in figure 2 and the top panel of figure 6. We denote
the Hilbert space of ice states as I. The spectrum of states
has a gap of 4J∥ to flipped spin defects. The ice rule can
be formulated as

"
a Sa · ẑa = 0 (where the sum runs over

all the sublattice sites a of a tetrahedron) for each tetrahedral
element of the pyrochlore lattice. This condition is a zero
divergence condition on a lattice [34], which may be coarse-
grained to ∇ ·B = 0 where the ‘magnetic field’ B is a coarse-
grained analogue of the spin field Sa on the lattice. Since any
vector field can be decomposed into the sum of two fields with,
respectively, zero divergence and zero curl, in order to obtain
thermodynamic quantities within the restricted (∇ · B = 0)
manifold of spin ice states, one must average solely over the
circulation of B. In dramatic contrast to conventional long-
range ordered magnets at low energies, in spin ices, this coarse-
grained circulation is unconstrained and runs over a number of
states that scales as exp(αV ) in the volumeV of the system. We
can look at the divergence-free constraint as an emergent gauge
invariance, since one may introduce a vector potential A such
that B = ∇ × A and could carry out gauge transformations
on A that would leave the divergence-free condition invariant.
At finite but low temperatures, the divergence-free condition
is weakly violated by the thermal excitation of spin flip defects
(i.e. the ‘monopoles’ of the classical dipolar spin ice). As
the electrostatic analogy suggests, these defects behave like
sources of B and, at temperatures where such effective charges
are dilute, spin ice should behave much like a dilute plasma
described in the grand canonical ensemble [36–38]. This
physics becomes richer still when the underlying microscopic
magnetic moments, µa ∝ Sa , interact through a long-range
dipolar coupling—hence the review of dipolar spin ices in
section 2.1. In particular, as discussed in section 2.1, the
dipolar interaction about the spin ice background fractionalizes
into an energetic Coulomb interaction between defects in a
background of tetrahedra satisfying the spin ice rule [31].

The gauge invariance of classical spin ice turns out to be
crucial to the quantum case to which we now turn. We now
allow for the presence of (perturbative) ‘transverse’ nearest-
neighbour exchange couplings in addition to the ‘longitudinal’
(Ising) exchange part defined by equation (3). Our only
requirement is that the transverse couplings should have a
characteristic energy scaleJ⊥ ≪ J∥ so that there is little mixing
of the ice rule states with canted spin states away from the
local [1 1 1] Ising direction. We shall discuss in section 4.1 the
most general nearest-neighbour symmetry-allowed anisotropic
Hamiltonian on the pyrochlore lattice that does not commute
with HCSI and thus causes quantum dynamics. For now,
we consider a minimal spin model that contains quantum
dynamics within a spin ice state and which is a sort of local
XXZ model with transverse coupling J⊥.

HQSI ≡ HCSI + H⊥ = HCSI − J⊥
!

⟨ij⟩
(S+

i S−
j + S−

i S+
j ). (4)

We shall comment, in section 3.5, on the conditions under
which real materials may exhibit such a J⊥ ≪ J∥ separation
of energy scales.

7

Experimentally: can occur in systems with strong transverse terms 
Signature of the photon was proposed to be seen in Pr2Hf2O7

Sibille et al. arXiv:1706.03604
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Figure 1 | Momentum dependence of the magnetic correlations (a-b) and magnetic excitations (c) in 
Pr2Hf2O7. We show two-dimensional cuts in the (H,H,L) plane of reciprocal space, integrated around two 

different values of energy transfer. Data were collected using time-of-flight (ToF) inelastic neutron scattering 

(INS) at a temperature of 0.05 K on the IN5 instrument (unpolarized neutrons). The incident neutron energy was 

fixed to Ei = 2.70 meV, providing an energy resolution at zero energy transfer of 0.05 meV (full width at half 

maximum). Data were measured in the upper quadrant shown by the black dashed curves on panel a, corrected 

for sample absorption and electronic noise, and then symmetrized (Methods). Maps shown on panels a-c are 

integrated over a thin range of momentum transfer, (H,-H,0) ± 0.05 r.l.u., in the direction perpendicular to the 

(H,H,L) plane. Panel a shows data that were integrated around zero-energy transfer (E = 0	± 0.06 meV) after 

subtraction of a background dataset measured with the same statistics at a temperature of 50 K (all other 

conditions remaining unchanged). We refer to the data of panel a as ‘elastic data’, which, in our interpretation, 

mainly reflects the equal-time spin correlations of the quantum spin ice (QSI), including contributions from low-

energy gapless photon excitations. The two continuous black lines in panel a, crossing each other at the wave-

vector (0,0,2) where pinch point scattering is suppressed in a QSI, indicate the directions of the momentum 

dependent cuts shown on Fig. 3. Panel b shows the results calculated using the lattice field theory of the QSI, 

for comparison with the experimental data of panel a. The calculation is done at the finite temperature deduced 

from the fit shown on Fig. 3. Panel c shows inelastic data integrated around a finite value of energy transfer, E = 

0.2 ± 0.025 meV. The background is negligible in the inelastic channels at E > 0.1 meV. The blue and red boxes 

on panel c are the integration areas in the data as they are shown here, of the energy spectra shown on Fig. 2b. 

The box delimited by black dashed lines on panel c of Fig. 1 represents the integration area that was used to 

generate the energy spectrum, shown on Fig. 2a, through polarized INS data (not shown).  
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Frustrated magnetism 
- Definition 
- Some fingerprints
- Geometrical frustration

Geometrical frustration in 2 dimensions: the kagome lattice 
- Classical spin liquid: Heisenberg kagome antiferromagnet
- Quantum spin liquid: spin 1/2 kagome antiferromagnet

Geometrical frustration in 3 dimensions: the pyrochlore lattice 
- Rare-earth pyrochlore oxides
- Classical spin ice state and magnetic monopoles
- Magnetic fragmentation
- Quantum spin ice

Frustration in molecular magnetism



Why molecular magnetism ?
Frustration in molecular magnetism
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Rich playground to create frustrated lattices with: low dimensionality 
     versatile geometries

able to use large amount of magnetic ions (organic, 3d, 4f): different spin size and anisotropy

Drawbacks: hard to have large single crystals => results can be difficult to analyze
 small couplings => low temperature

                  presence of next nearest neighbor interactions

old and new promising systems

Single-molecule
magnets (SMM)

Mn12  S = 10

Fe8  S = 10

V15  S = 1/2

Ni12  S = 12

Giant spins

Mn84  

S ≈ 6

Winpenny, 1999

Lis, 1980

Christou, 2004

Wiegart, 1984

Müller, 1993

V15 SMM 
S=1/2
Muller 1993

splitting of single molecule magnets in zero field14as well as
the spatial variation being used to determine the nature of the
magnetic wave functions.15 Similar analysis is possible on
extended networks that undergo transitions to long-range
magnetic order; however, this relies on the application of linear
spin wave theory.16 Until recently the use of spin wave theories
was more the domain of the solid-state physicist; however,
software has now become available that makes these theoretical
methods easy to calculate for arbitrary lattices with low
symmetry.17 The advantage of this is that for molecule-based
magnetic materials, which frequently have low symmetry due to
the packing of the organic ligands, the spin wave spectrum can
be calculated along high-symmetry directions, but more
importantly it can be straightforwardly powder averaged and
thus easily compared with experimental data. This can negate
the need for significant investments in crystal growth efforts.18

Spin waves can be directly measured using inelastic neutron
scattering. This has several practical advantages; first, it is
typically measured in zero field, so the underlying Hamiltonian
is much simpler, as all Zeeman terms can be omitted; second,
the momentum transfer ensures that spatially relevant
information is recorded. At the practical level this means that
the specific length scales of interactions can be determined
because of their observed Q dependence.
The title compound has been reported previously19 along

with some preliminary magnetic properties. The magnetic
exchange topology has been identified as a distorted kagome ́
lattice; however, some of the originally reported magnetic

properties have little credence but have however been well-cited
despite this. Here we report our own synthesis, structure,
magnetic properties, neutron diffraction, and inelastic neutron
scattering of Mn3(1,2,4-(O2C)3C6H3)2, 1.

■ EXPERIMENTAL SECTION
A large powder sample of Mn3(1,2,4-(O2C)3C6H3)2 was prepared by
the following method. MnCl2·4H2O (0.149 g, 0.753 mmol) was added
to a solution of 1,2,4-benzenetricarboxylic acid (0.105 g, 0.500 mmol)
in aqueous 0.3 M NaOH (5 cm3), water (2 cm3) was added, and the
resulting solution was stirred and heated for 40 h at 180 °C under
autogenous pressure. After it cooled for 6 h, Mn3(1,2,4-(O2C)3C6H3)2
(1) was isolated by filtration as small brown crystals (53 mg, 37%),
before being washed with diethyl ether. This is similar to the synthesis
reported elsewhere in the literature.19

Magnetic susceptibility data were measured using a Quantum Design
MPMS 5 magnetometer; powder was packed into a gelatin capsule, and
susceptibility data were acquired in the temperature range from 5 to 60
K using 50, 100, and 500 Oe measuring fields. Isothermal magnet-
ization was also collected at 2 and 12 K. The samples were corrected for
diamagnetism using Pascal’s constants.20

Neutron diffraction was measured on a 2.5 g sample using the
instrument D20 at the Institut Laue-Langevin, France.21 Note that, for
both this and the inelastic neutron scattering experiments, no attempt
at deuteration was made, and a fully hydrogenous sample was used. A
wavelength of 2.42 Å was used. The sample was held in a cylindrical
vanadium can, placed in an “Orange” cryostat, and cooled to 1.8 K.
Diffraction patterns were obtained at intermediate temperatures
between 1.8 and 16 K. Data were analyzed using the GSAS suite of

Figure 1. (top left) Extended asymmetric unit of 1. (top right) Packing diagram showing the separation between layers. (lower left) Section within the
layer showing only the metal ions and the carboxylate bridges. The exchange interactions are highlighted. In the two top figures the following color
scheme is used: Mn red, O light blue, C dark blue, and H white, while in the lower figure Mn1 and Mn2 are distinguished by red (Mn1) and magenta
(Mn2) coloring.
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The theoretical studies reveal that 2D NiDT, Ni3(HITP)2
exhibits the topological insulator property.32−34 Liu et al.
predicted NiDT as an effective chemical sensor for CO, NO,
and O2 gases via various change of electronic properties after
adsorption of these gases.35 Zhao and his co-workers predicted
that MnDT exhibits half-metallic property,36 whereas, replace-
ment of S linker atom with the −NH moiety of MnDT will give
the Mn3C12N12H12 sheet, which can show enhanced ferromag-
netism with a Curie temperature of 450 K.37 Zhang et al.
systematically studied the oxygen reduction reaction (ORR)
mechanism on a series of MC4S4 CONASHs and found that
the central metal ion has a significant role in controlling the
catalytic activity.38 Chen et al. has found that, by metal
substitution of Ni by Cu in Ni3(HITP)2, there is a transition
from semiconductor to metallic property.39 Further studies by
Tie and Chen40 predicted that biaxial strain can also change the
electronic properties of Ni3(HITP)2 from semiconductor to
metal. Mandal et al. have proposed a new family of 2D MOF
composed of octaaminonapthalene and transition metals (TM)
(Cr, Mn, Fe, and Co). Fe-, Cr-, and Co-based MOFs are half-
metallic and Mn-based MOFs exhibit metallic properties. Not
only that, 2D MOF of Fe and Cr result in significant 100%
spin-filtering efficiency.41

However, the theoretical investigation on coordinatively
unsaturated (CUS) MOF to be used as a gas sensor via change
of electronic properties as well as by transport properties is still
lacking in the field of 2D MOF. Very recently, Clough et al.
have synthesized CoBHT and CoTHT 2D MOF by liquid−
liquid interfacial process, which is highly efficient for hydrogen
evolution from water.42 This can be treated as CUS 2D MOF.
In the point of view of coordination chemistry, the M atom acts
as a central protrusion. Notably, depending upon the nature of
the metal center, the change in coordination environment can
occur in CUS MOF. This leads to a change in coordination
number as well as coordination geometry. Generally, these
open metal sites43 are sensitive toward controlled gas
separation,44 multiple gas adsorptions.7

In this work, we have systematically investigated the
geometric structures and electronic and magnetic properties
of a series of 2D CUS MOFs (MBHT) (where, M = Cr, Mn,
Fe, and Co) to find out their suitability as spintronic materials.
Next, we focused on the influence of polluting gas CO

adsorption (on single and both side of the sheets) on the
electronic and magnetic properties of MBHT sheets, and
thereby, whether they can be used as gas sensors. Finally, we
have calculated the transport properties of cobalt bis(dithioline)
[Cobdt] and bis-CO adsorbed Cobdt(CO)2 molecules to
investigate the spintronic and gas sensing property of the
Cobdt molecule, which has analogous building block to
CoBHT framework.

■ COMPUTATIONAL METHODS
All first-principles calculations were performed using density-
functional theory (DFT) as implemented in the SIESTA
package.45 We have considered norm-conservative Troullier-
Martins pseudopotentials46 and the double-ζ plus polarization
(DZP) basis set for representing core and valence electrons,
respectively. The generalized gradient approximation (GGA) in
the Perdew−Burke−Ernzerhof47 (PBE) form is applied to
account for electron−electron interactions. The system is
periodic along the x and y direction, and a large vacuum space
is added along the z directions in order to avoid interaction
between neighboring cells. The conjugate gradient method is
used to fully relax all the atomic positions without any
geometrical constraints until the maximum force becomes less
than 0.01 eV Å−1. A real space mesh cutoff of 200 Ry is used
throughout the entire calculation, and the electronic temper-
ature is set to 300 K. The tolerance for energy convergence is
0.001 eV. The k-point sampling for unit cells and (2 × 2)
supercell were performed with a 6 × 6 × 1 and 2 × 2 × 1
Monkhorst−Pack grid,48 respectively.
The spin transport properties are simulated using the

TranSIESTA module within the SIESTA package, which is
based on the combination of the density functional theory and
nonequilibrium Green’s function (NEGF).49 We have used the
same basis functions, the exchange-correlation functional, and
convergence criteria as our first-principles calculation. In the
NEGF self-consistent loop, the charge density was integrated
over 400 energy points along the semicircle in the complex
plane. We have used the Au(111) surface as the contact lead.
The optimized distance between sulfur atom and Au atom in
Au(111) surface is 2.40 Å. Left (LE) and right electrodes (RE)
are constructed by the three layered unit cell of Au(111)
surface. The central scattering region consists of the molecule

Figure 1. Optimized structure of a series of (2 × 2) supercell of planar MBHT framework, unit cell is represented within the box. Blue triangle
represent kagome lattice triangle.
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Highly Mobile Gapless Excitations
in a Two-Dimensional Candidate
Quantum Spin Liquid
Minoru Yamashita,1* Norihito Nakata,1 Yoshinori Senshu,1 Masaki Nagata,1
Hiroshi M. Yamamoto,2,3 Reizo Kato,2 Takasada Shibauchi,1 Yuji Matsuda1*

The nature of quantum spin liquids, a novel state of matter where strong quantum fluctuations
destroy the long-range magnetic order even at zero temperature, is a long-standing issue in
physics. We measured the low-temperature thermal conductivity of the recently discovered
quantum spin liquid candidate, the organic insulator EtMe3Sb[Pd(dmit)2]2. A sizable linear
temperature dependence term is clearly resolved in the zero-temperature limit, indicating the
presence of gapless excitations with an extremely long mean free path, analogous to excitations
near the Fermi surface in pure metals. Its magnetic field dependence suggests a concomitant
appearance of spin-gap–like excitations at low temperatures. These findings expose a highly
unusual dichotomy that characterizes the low-energy physics of this quantum system.

Spin systems confined to low dimensions
exhibit a rich variety of quantum phenome-
na. Particularly intriguing are quantum

spin liquids (QSLs), antiferromagnets with quan-
tum fluctuation–driven disordered ground states,
which have been attracting tremendous attention
for decades (1). The notion of QSLs is now firmly
established in one-dimensional (1D) spin sys-
tems. In dimensions greater than one, it is widely
believed that QSL ground states emerge when in-
teractions among themagnetic degrees of freedom
are incompatible with the underlying crystal ge-
ometry, leading to a strong enhancement of quan-
tum fluctuations. In 2D, typical examples of systems
where such geometrical frustrations are present
are the triangular and kagomé lattices. Largely trig-
gered by the proposal of the resonating-valence-
bond theory on a 2D triangular lattice and its possible
application to high-transition temperature cuprates
(2), realizing QSLs in 2D systems has been a
long-sought goal. However, QSL states are hard
to achieve experimentally because the presence
of small but finite 3D magnetic interactions
usually results in some ordered (or frozen) state.
Two recently discovered organic insulators,
k-[bis(ethylenedithio)-tetrathiafulvalene]2Cu2(CN)3
[k-(BEDT-TTF)2Cu2(CN)3] (3) and EtMe3Sb[Pd
(dmit)2]2 (4, 5), both featuring 2D spin-1/2
Heisenberg triangular lattices, are believed to be
promising candidate materials that are likely to
host QSLs. In both compounds, nuclear magnetic
resonance (NMR) measurements have shown no

long-range magnetic order down to a temperature
corresponding to J/12,000, where J (~250 K for
both compounds) is the nearest-neighbor spin
interaction energy (exchange coupling) (3, 5). In a
triangular lattice antiferromagnet, the frustration
brought on by the nearest-neighbor Heisenberg

interaction is known to be insufficient to destroy
the long-range ordered ground state (6). This has
led to the proposals of numerous scenarios which
might stabilize a QSL state: spinon Fermi surface
(7, 8), algebraic spin liquid (9), spin Bose metal
(10), ring-exchange model (11), Z2 spin liquid
state (12), chiral spin liquid (13), Hubbard model
with a moderate onsite repulsion (14, 15), and
one-dimensionalization (16, 17). Nevertheless,
the origin of the QSL in the organic compounds
remains an open question.

To understand the nature of QSLs, knowledge
of the detailed structure of the low-lying elemen-
tary excitations in the zero-temperature limit, par-
ticularly the presence or absence of an excitation
gap, is of primary importance (18). Such infor-
mation bears immediate implications on the spin
correlations of the ground state, as well as the
correlation length scale of the QSL. For example,
in 1D spin-1/2 Heisenberg chains, the elementary
excitations are gapless spinons (chargeless spin-
1/2 quasiparticles) characterized by a linear en-
ergy dispersion and a power-law decay of the spin
correlation (19), whereas in the integer spin case
such excitations are gapped (20). In the organic
compound k-(BEDT-TTF)2Cu2(CN)3, where the
first putative QSL state was reported (3), the pres-
ence of the spin excitation gap is controversial
(18, 21). In this compound, the stretched, non-
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Non-magnetic layer
(EtMe3Sb, Et2Me2Sb)

Pd(dmit)2 moleculeA

B C

Fig. 1. The crystal structure of EtMe3Sb[Pd(dmit)2]2 and Et2Me2Sb[Pd(dmit)2]2. (A) A view parallel
to the 2D magnetic Pd(dmit)2 layer, separated by layers of a nonmagnetic cation. (B) The spin
structure of the 2D planes of EtMe3Sb[Pd(dmit)2]2 (dmit-131), where Et = C2H5, Me = CH3, and
dmit = 1,3-dithiole-2-thione-4,5-dithiolate. Pd(dmit)2 are strongly dimerized (table S1), forming
spin-1/2 units [Pd(dmit)2]2

– (blue arrows). The antiferromagnetic frustration gives rise to a state in
which none of the spins are frozen down to 19.4 mK (4). (C) The spin structure of the 2D planes of
Et2Me2Sb[Pd(dmit)2]2 (dmit-221). A charge order transition occurs at 70 K, and the units are
separated as neutral [Pd(dmit)2]2

0 and divalent dimers [Pd(dmit)2]2
2–. The divalent dimers form

intradimer valence bonds, showing a nonmagnetic spin singlet (blue arrows) ground state with a
very large excitation gap (24).

4 JUNE 2010 VOL 328 SCIENCE www.sciencemag.org1246

on O
ctober 5, 2017

 
http://science.sciencem

ag.org/
Downloaded from

 

triangular S=1/2
Kato 2008 

MICHAEL L. BAKER et al. PHYSICAL REVIEW B 86, 064405 (2012)

FIG. 1. The Structure of the Cr8Ni. Cr and Ni ions are represented
by large black spheres, where the Ni position is disordered over the
nine possible metal sites, O are light gray spheres, C gray spheres, F
dark gray spheres, and N in the center of the wheel is represented by
a white sphere. H atoms are omitted for clarity.

of frustration becomes less obvious despite the competing
AFM interactions in them. In larger lattices, or extended
lattices, with an S = 0 ground-state spin frustration may,
however, be signaled by so-called low-lying singlets.19

Beyond spin triangles, one molecular shape of particular
interest is the AFM wheel with an odd number of exchange-
coupled metal centers. The title compound, the nona-nuclear
hetero-metallic wheel [(iC3H7)2NH2][Cr8NiF9(O2CCMe)18],
or Cr8Ni in short, has been one of the first reported odd AFM
wheels. It consists of eight Cr(III) (spin 3/2) and one Ni(II)
(spin 1) arranged into a ring structure, see Fig. 1. Examples
of odd AFM wheels are extremely rare as compared to their
even membered relatives. Currently, reported examples of
odd-membered macrocyclic systems with significant AFM
interactions beyond triangles include a nona-nuclear ferric
wheel and a heptagonal oxovanadium wheel only.22,23 The
synthesis of Cr8Ni was first communicated in Ref. 24,
and its magnetic properties have since then received much
attention25–28 as the spin configuration in the classical ground
state was identified to be characterized as a magnetic Möbius
strip.24

Owing to the even number of magnetic electrons in Cr8Ni,
the exchange spectrum is characterized by spin multiplets
with integer total spin quantum number S, and the ground
state was determined to belong to S = 0. In this regard, the
situation concerning frustration is similar to that in integer-spin
triangles. However, in contrast to the triangles and the related
lattices, the frustration in odd AFM wheels is not due to a direct
competition of two exchange bonds but the incompatibility
of the closed boundary conditions with a bipartite sublattice
structure. It also cannot be captured by a tripartite sublattice
structure, which allowed to successfully describe triangle-
based frustrated magnetic molecules such as the Keplerate

Fe30.29 The lack of partitedness at any spatial range puts the
odd AFM wheels into an interesting class of materials by itself.

The bi- and tripartite sublattice structure in molecules such
as the even AFM wheels or the Fe30 molecule allowed to
devise effective spin Hamiltonians, which provided much
insight into the physics in these systems as described before.
Obviously, such approaches cannot be applied to the odd
AFM wheels, and our understanding of the energies and
wave functions in them, beyond the insight obtained through
numerical calculations,30,31 is still poor. In a recent theoretical
study, it was proposed that the ground state in Cr8Ni can be
characterized as a valence-bond solid (VBS).28,32 Valence-
bond theory is a convenient framework in the investigation
of ground state properties of various extended AFM spin
systems with disordered ground states33,34 and was applied
to generic frustrated magnets such as pyrochlore35 and square
lattice36 extended systems. Within the valence-bond picture,
the presence of the Ni(II) ion in Cr8Ni forces the ground state
into a VBS if the exchange between the Cr ions is weak as
compared to those involving the Ni ion. In this state, single
valence bonds are attached to the Ni(II) atom and double
valence bonds are then fixed to specific positions around
the wheel, inducing a alternating coupling pattern around the
wheel.28

Several experiments on Cr8Ni have previously been per-
formed investigating bulk magnetization, specific heat, and
electron spin resonance.24,25 They allowed characterizing the
lowest-lying band of total spin states. The structure of the
excitation spectrum and the presence of zero-field splitting
(ZFS) remains, however, somewhat unknown. A detailed study
of the low-lying spin states in Cr8Ni is hence of upmost
importance, and we here report an inelastic neutron scattering
(INS) study. INS investigations on Cr8Ni offer a direct probe
to the energy and momentum transfer of low-lying states,
including those inaccessible to previously reported techniques.

II. EXPERIMENTS

The INS experiments on Cr8Ni were performed on several
neutron scattering instruments, namely, the direct time-of-
flight spectrometer IN5 at Institute Laue-Langevin, the direct
time-of-flight spectrometer FOCUS at the Swiss spallation
neutron source SINQ, Paul Scherrer Institute, and the inverse
geometry time-of-flight spectrometer IRIS at ISIS, Science
and Technology Facilities Council Rutherford Appleton Lab-
oratory. A crystalline powder sample of Cr8Ni was prepared
for these experiments to the specification outlined in Ref. 37.
The sample was sealed inside an aluminum cylinder. Mea-
surements were performed at various temperatures within a
range from 1.5–18 K. IN5 data were measured with several
chopper settings, where different speeds and ratios were used
to select the optimum resolution, energy and momentum
transfer ranges. IN5 measurements at 4.0 Å were made with
two chopper settings; 2.0 K data were measured with a
17500 rpm chopper setting, 6.0 and 14.5 K measurements
were performed with a 15 000 rpm setting. The higher chopper
speed provides an instrumental energy resolution at the elastic
line of full width half maximum (FWHM) of 0.134 meV,
10 µeV higher than the 15 000 rpm setting, enabling greater
separation of the first cold excitation from the elastic scattered
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Frustrated magnetism = rich field to discover new states of matter

Unconventional ground states, ordered or not
and exotic excitations 

Experimentalists look for new systems to probe the numerous theories

Molecular systems could be a clever way of tackle them !


