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Introduction 
 
In the semi-metal element bismuth, the Fermi Surface (FS) is comprised of 3 electron ellipsoids and one hole ellipsoid.  The 
3 electron FS have a linear energy-momentum dispersion well described by the Dirac Hamiltonian.  A long-standing 
impediment to the investigation of the Dirac electrons in high magnetic fields H is that when H is nearly aligned with the 
trigonal axis Z, the projected area of the hole FS is nearly equal to that of each electron ellipsoid.  This has prevented the 
electron Landau Levels (LL) from being observed.  Using high-resolution torque magnetometry, we have shown that with H 
at a small tilt angle θ to Z, the electron signals are greatly amplified.  This has allowed us to resolve the electron LLs from 
the holes.  Extending the torque measurements to higher fields, we observe jumps in the magnetization which imply a field 
induced transition to an interesting many-body state in which the 3-fold valley degeneracy of the Dirac electrons is lifted. 
 

Figure 1 (a, left panel)  The fields B(n,±) at which Landau sub-
level (n,± ) in bismuth cross the chemical potential (± indexes the 
Kramers degeneracy).  The crossings are inferred from torque 
magnetometry performed with H at a small tilt angle θ to the 
trigonal axis Z. The steep θ dependence of B(n,±) reflects the 
strong LL dispersion in the Dirac electron pockets.  The curve H1 
marks a transition to a many-body state above 10 T.  The Panel b 
(right) plots the transverse magnetization Mtrans vs. θ at selected 
field values from 9 to 31 T.  The discontinuities at H2 (solid 
circles) and at H1 (open circles) define transitions to the many-
body state. (For details see Li et al. [3]). 
 
 

 
Results and Discussion 
 
As shown in Fig. 1, the field B(n, ±) at which the LL with indices (n, ±), where ± labels the Kramers doublet, crosses the 
chemical potential disperses strongly with tilt angle θ (consistent with electron FS as opposed to the hole FS).  At fields 
above 9 T, we observe the emptying of the last-but-one LL (0,-).  Above 9 T, we observe a jump in magnetization at the field 
H1, which signals a field-induced transition to the region shaded white.  The right panel (b) shows traces of the transverse 
magnetization Mtrans vs. tilt angle θ in fixed field (9 < H < 31 T).  The jump in Mtrans as θ crosses the boundaries of the cone-
shaped region is evident.  We interpret the jumps as field-induced transitions to a many-body state in which the 3-fold valley 
degeneracy is lifted.  Within the cone shaped region, the electrons occupy a linear combination of valley states with much 
lower exchange energy.  The report was published in Science [3]. 
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