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ORGANISATION

 Lectures (Andreas Läuchli) on  
          Wednesday 13:15-14:00 GR A3 32
 Exercises (Pratyay Ghosh and Tianyue Huang) on 
          Thursday 08:15-10:00 in GR A3 32
 There is a Moodle page, with upcoming slides, supporting   
 material, and the exercise sheets. 
  There might be lecture notes in the end, but lecture notes by 
 others will be made available when we rely on them  
 1) Assessment of a subset of the exercise sheets handed in 
 2) Oral examination: ~20-30 minutes session on the blackboard 

file://localhost/Users/aml/Downloads/QuantumHallEffectExplanationWithLandauLevels.ogv


YOUR BACKGROUND ?

 This is a MA1 lecture, with people from a range of 
backgrounds (EPFL bachelor or incoming) or study programs. 

 Solid State Physics I+II / Topological Insulators ?

 Statistical Physics / Phase Transitions / Second Quantization?

 Quantum Information in parallel ?

 Quantum Field Theory in parallel ?



OUTLINE
 What is  “Solid State Physics (III)” ?

 Planned Content:

 Band Theory, Excitons, Interaction effects in metals

 Metals in magnetic field, Quantum Hall effects

 Superconductivity

 Mott Insulators, Quantum Magnetism

Focus is on phenomena and thorough qualitative understanding.

Exercises will consist both of analytical and numerical problems.



INTRODUCTION

 The “Theory of everything” is basically known in  
 solid state physics / condensed matter 

 Despite the known TOE it is challenging to predict all the   
 possibilities  and phenomena arising out of the Schrödinger   
 equation, with constantly new surprises 

 Emergence: “More is different” P. W. Anderson, Science 1972
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BAND STRUCTURES
 Band structure an important concept from early days of 
 quantum mechanics. Lets us differentiate between metals and  
 insulators (semiconductors)

 Only known since about 20 years 
 normale band insulators ≠ topologic insulators



METALS AND MAGNETIC FIELDS
 De Haas van Alphen effect, Landau Levels

(Fractional) Quantum Hall effect, 

 Anyons (FQH)

 Nonabelian 
 Anyons ? QC ?

1985/1998/2016



SUPERCONDUCTIVITY
 Abrupt loss of resistivity 
 expulsion of magnetic flux from material

 Long time between discovery (1911) 
 and explanation: BCS (1957)

 Phonons, electron-electron interaction 
 exotic pairing properties

many ! 1913/1962/1972/1973/1987/2003



MOTT INSULATORS

 From “classic” magnetism to spin liquids and effective lattice 
gauge theories and magnetic monopoles 
 
 
 
 

Basic building block: 

CuO2 planes 

Oxygen 

px/py orbitals 

Copper 

d      orbital 
x2-y2 

one band Hubbard model  

or t-J model 

keeps only Cu orbital 

derivation of 

effective Hamiltonian 

band structure ⇒ metallic state 
experiments    ⇒ antiferromagnetic Mott-insulator 

strong coulomb repulsion! 
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dominant energy term. Thus, in addition to their great
relevance in the context of nanomagnetism and the grow-
ing interest for potential applications in quantum com-
puting20, information storage21 and magnetic imaging22,
molecular nanomagnets can also provide a suitable plat-
form for addressing theoretical questions and testing
ideas from the more general context of frustrated mag-
netism.

In this work, we focus on two magnetic molecule real-
izations of the Heisenberg kagomé AFM on the sphere.
The first consists of 8 corner-sharing triangles and is re-
alized in the Cu12La8

23 cluster with 12 Cu2+ s = 1/2
ions occupying the vertices of a symmetric cuboctahe-
dron (see Fig. 1). The spin topology of this cluster is
identical to the 12-site kagomé wrapped on a torus (cf.
Fig. 16). The second cluster is one of the largest frus-
trated molecules synthesized to date, namely the giant
Keplerate Mo72Fe30 system24. This features an array of
thirty s = 5/2 Fe3+ ions occupying the vertices of twenty
corner-sharing triangles spanning an almost perfect icosi-
dodecahedron (see Fig. 1). Interestingly, its quantum
s = 1/2 analogue, Mo72V30, consisting of V4+ ions has
also been synthesized quite recently25,26. We may note
here that the cuboctahedron and the icosidodecahedron
can be thought of as two existing positive curvature (with
n = 4 and 5 respectively) counterparts of Elser and
Zeng’s27 generalization of the kagomé structure on the
hyperbolic plane where each hexagon is replaced by a
polygon of n sides with n > 6.

Among the above highly frustrated clusters, Mo72Fe30

has been the most investigated so far, both theoreti-
cally and experimentally. The exchange interactions in
Mo72Fe30 are quite small, J/kB ≃ 1.57 K24, and this has
allowed for the experimental observation of a M = Ms/3
plateau at H ≃ 5.9 Tesla which has been explained
classically by Schröder et al.17. In addition, this clus-
ter manifests a very broad Inelastic Neutron Scattering
(INS) response as shown by Garlea et al.28. On the
other hand, Mo72V30 has a much stronger AFM exchange
J/kB ≃ 250 K25,26, and thus is not well suited for the
observation of the field-induced plateau. However, its
low-energy excitation spectrum can still be investigated

FIG. 1: (Color online) Schematic representation of the cuboc-
tahedron (left) and the icosidodecahedron (right). The first
consists of 12 vertices, 24 edges, 6 square and 8 triangular
faces, while the latter consists of 30 vertices, 60 edges, 12
pentagons and 20 corner-sharing triangles.

by INS experiments (which, to our knowledge, have not
been performed so far). As to the s = 1/2 cuboctahedron
Cu12La8

23, we are not aware of any magnetic measure-
ments reported so far on this cluster.

The main magnetic properties of the present clusters
can be explained very well by the isotropic Heisenberg
model with a single AFM exchange parameter J , i.e.

H = J
∑

⟨ij⟩

si · sj , (1)

where, as usual, ⟨ij⟩ denotes pairs of mutually interact-
ing spins s at sites i and j. Other terms such as single-
ion anisotropy (for s > 1/2) or Dzyaloshinsky-Moriya
interactions must be present as well in the present clus-
ters, but they are expected to be much smaller than the
exchange interactions and thus they can be neglected.
Here, as a simple theoretical tool to understand some of
the properties of the Heisenberg model, it will be very ex-
pedient to introduce some fictitious exchange anisotropy,
i.e. extend Eq. (1) to its more general XXZ variant

H′ = Hz + Hxy, (2)

Hz = Jz

∑

⟨ij⟩

sz
i s

z
j , (3)

Hxy =
Jxy

2

∑

⟨ij⟩

(s+
i s−j + s−i s+

j ) , (4)

where Jxy, Jz denote the transverse and longitudinal ex-
change parameters respectively. In what follows we de-
note α = Jxy/Jz.

The main results presented in this article are of direct
relevance to the experimental findings in Mo72Fe30 men-
tioned above and thus span two major themes. The first
deals with the nature of the low-lying excitations above
the M = Ms/3 plateau phase. For the s = 1/2 icosi-
dodecahedron we show that all these excitations are adi-
abatically connected to collinear “up-up-down” (hence-
forth “uud”) Ising ground states (GS’s), at the same time
being well isolated from higher levels by a relatively large
energy gap. We argue that this feature must be spe-
cial to the topology of the icosidodecahedron and that
it must survive for s = 5/2 as well. This prediction
can be verified experimentally by a measurement of the
low-temperature specific heat and the associated entropy
content at the plateau phase of Mo72Fe30. A comple-
mentary physical picture will emerge by performing a
high order perturbative expansion in α, in the spirit of
Refs. 9,10,11, and by deriving and solving to lowest or-
der the corresponding effective QDM on the dual clusters.
The dependence of the model parameters on α and s is
also found and given explicitly.

Our second theme concerns the origin of the broad
INS response reported for Mo72Fe30

28. Previous theories
based on the excitations of the rotational band model28,29

or on spin wave calculations30,31 predict a small number
of discrete excitation lines at low temperatures and thus
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Fig. 1 – Left: crystal structure of LiCuVO4. (In the on-line colour version, the VO4 tetrahedra are
highlighted in green, the CuO2 bands in light olive). Right: scheme of exchange paths between the
Cu2+ in the ab-plane (solid) and to a layer shifted by c/2 (dashed).

phases [6–9]. Nevertheless, large quantum effects are predicted even for frustrated ferromag-
netic nn and antiferromagnetic nnn interactions (FMnn-AFnnn). Bursill et al. [6] report that,
contrary to the classical helimagnet, the pitch angles of the FMnn-AFnnn quantum helimagnet
remain very close to π

2 for a wide range of frustration ratios J2/J1.
Most of the few known quasi-1D frustrated spin-1

2 materials are discussed in terms of anti-
ferromagnetic nearest-neighbour interaction [10–13]. The similarity of fits for the susceptibility
and high-field magnetization of models with largely different frustration ratios [11], as well
as striking discrepancies between proposed models and realistic exchange paths [10, 13–16],
mark the difficulties and ambiguities in the determination of exchange integrals for frustrated
systems.

Here we present a study on LiCuVO4, first associated with a frustrated chain by Gibson et
al. [17], on the basis of neutron diffraction and single-crystal susceptibility data. The present
measurements of the dispersion in off-symmetry directions, combined with high-temperature
susceptibility data and magnetization, allow a more reliable determination of the exchange
integrals than low-temperature susceptibility and ordering vector alone, or susceptibility and
high-field magnetization alone. The latter may give a good idea for a simple interaction
scheme, but are clearly insufficient to classify materials with frustrated interactions prop-
erly. The exchange integrals extracted from the present measurements are remarkably well
described by our theoretical calculations. This demonstrates that realistic microscopic models
developed via band structure calculations are capable of backing up the signs and even the
order of magnitude of the major exchange integrals in copper oxide materials.

LiCuVO4 crystallizes in the space group Imma [18], with edge-shared CuO2 chains run-
ning along b as illustrated in fig. 1. The magnetic structure is helical with propagation
vector (0 0.532 0) [17]. Earlier susceptibility and magnetization [19, 20], specific heat [21],
ESR [22–24], and NMR [25] studies have been interpreted in terms of various one- and two-
dimensional models, ranging from the anisotropic AF chain [23] to the square Ising lattice [21].
Our study combines inelastic neutron scattering, susceptibility, and high-field magnetization
data, as well as band structure calculations and exact diagonalization studies of multi-band
Hubbard and Heisenberg models. We achieve a consistent picture, which reveals LiCuVO4 as
the first clear example of a frustrated quasi-1D FMnn-AFnnn helimagnet strongly influenced
by quantum effects.



COLD ATOMS ⇔ COND-MAT

 Cold atoms in optical lattices or tweezers

 Many body physics with phenomena similar to Condensed Matter

 Quantum simulators / Interesting systems in their own right



IMPORTANT CONCEPTS
Universe in a “spin chain” / “It from Qubit”

For condensed matter systems: quantum magnets, metals, 
superconductors, fractional quantum Hall systems, …

For synthetic quantum systems: quantum simulators, quantum 
computers, different platforms: atoms, ions, superconducting 
qubits, photons,…

For high energy physics: black hole information puzzle, “it from 
qubit”, lattice gauge theories

For quantum field theory, statistical physics, quantum information

For numerical methods: e.g. tensor network methods 


