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Quantum magnets have occupied the fertile ground between many-body theory and low-temperature experiments

on real materials since the early days of quantum mechanics. However, our understanding of even deceptively simple
systems of interacting spin-1/2 particles is far from complete. The quantum square-lattice Heisenberg antiferromagnet,
for example, exhibits a striking anomaly of hitherto unknown origin in its magnetic excitation spectrum. This quantum
effect manifests itself for excitations propagating with the specific wavevector (7 ,0). We use polarized neutron
spectroscopy to fully characterize the magnetic fluctuations in the metal-organic compound Cu(DCOO)z-4D20, a
known realization of the quantum square-lattice Heisenberg antiferromagnet model. Our experiments reveal an
isotropic excitation continuum at the anomaly, which we analyse theoretically using Gutzwiller-projected trial
wavefunctions. The excitation continuum is accounted for by the existence of spatially extended pairs of fractional S
= 1/2 quasiparticles, 2D analogues of 1D spinons. Away from the anomalous wavevector, these fractional excitations
are bound and form conventional magnons. Our results establish the existence of fractional quasiparticles in the high-

energy spectrum of a quasi-two-dimensional antiferromagnet, even in the absence of frustration.
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Illustration of fractionalization in the square lattice antiferromagnet: The electron's magnetic moments pair up into
a non-magnetic quantum entangled state called a singlet (connected pairs of blue spheres) forming a singlet sea. An
incoming particle (red and blue sphere), for instance a neutron, polarize a singlet into two fractional particles called
spinons (elongated red and blue spheres). Once created, the two spinons can float free of each other onto the singlet

sea.
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Among all elements of the periodical table, elemental bismuth has the largest magnetoresistance, the highest
thermoelectric figure of merit and the largest [average] diamagnetism. This intriguing solid has played an exceptional
role in the history of condensed-matter physics. Numerous effects, ranging from thermoelectricity (Seebeck and Nernst

effects) to quantum oscillations (Shubnikov-de Haas and de Haas-van Alphen), were first discovered in bismuth. The
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ultimate reason behind this is the presence of very light and extremely mobile electrons residing in three distinct
anisotropic Dirac valleys.

I will review a number of recent experimental studies, which have that both Landau spectrum[1] and orbital
magnetoresistance become exceptionally complex in bismuth. While most features can be explained in the band picture
of non-interacting electrons, a number of unanswered questions remain. In particular, angle-dependent
magnetoresistance loses the symmetry of the underlying lattice at low temperature[2]. Recent thermodynamic
measurements document a valley-dependent density of states in presence of a quantizing magnetic field[3] and very
recent experiments point to a phase transition to an ordered state in which the valley-degeneracy is spontaneously

lost[4]. The microscopic origin of this "valley-nematic" phase transition is yet to be understood.
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