
The energy E of a bowling ball increases as the square of 
its velocity (or momentum p).  This is also generally true 
for electrons in solids, which are accurately described by 
the Schrödinger equation (Fig. 1a).  However, in a small 
set of materials – e.g. bismuth, antimony and graphene – 
E increases linearly with p (Fig. 1b).  To describe this 
unusual behavior, we resort to the Dirac equation, which  
has been very successful in describing neutrinos and 
high-energy electrons.  The “Dirac” electrons are 
predicted to exhibit a host of new electronic states, 
especially when an intense magnetic field is applied.  A 
group led by Ong and Cava (Princeton) has reported the 
observation of phase transitions involving the Dirac 
electrons in bismuth.  By monitoring the spins of the 
Dirac electrons, they observed sharp jumps of the 
magnetization MT in high magnetic field H (red and black 
arrows in Fig. 1c).  The Dirac electrons come in three 
“flavors” in bismuth.  In low H, each electron exists in 
one of the flavors.  At large H, however, all the electrons 
exist in the three flavors simultaneously.  This quantum 
mechanical behavior (called superposition of states) 
enables the electrons to stay apart from each other, and 
thus to lower their total Coulomb energy.
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Figure 1  The variation of energy E vs. momentum p for 
Schrödinger electrons (Panel a) and Dirac electrons (b).  Panel 
(c) shows curves of magnetization MT vs. field H at several tilt 
angles of H relative to a symmetry axes in bismuth.  The jumps 
(red and black arrows) indicate sharp phase transitions of the 
Dirac electrons.
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ABSTRACT (Science, July 25):  The Dirac Hamiltonian, which successfully describes relativistic fermions, applies equally well to

electrons in solids with linear energy dispersion, for example, in bismuth and graphene. A

characteristic of these materials is that a magnetic field less than 10 tesla suffices to force the

Dirac electrons into the lowest Landau level, with resultant strong enhancement of the Coulomb

interaction energy. Moreover, the Dirac electrons usually come with multiple flavors or valley

degeneracy. These ingredients favor transitions to a collective state with novel quantum

properties in large field. By using torque magnetometry, we have investigated the magnetization of

bismuth to fields of 31 tesla. We report the observation of sharp field-induced phase transitions

into a state with striking magnetic anisotropy, consistent with the breaking of the threefold

valley degeneracy.
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