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HEAVY FERMIONS

Unconventional Fermi surface in an
insulating state
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Insulators occur in more than one guise; a recent finding was a class of topological
insulators, which host a conducting surface juxtaposed with an insulating bulk. Here,
we report the observation of an unusual insulating state with an electrically insulating
bulk that simultaneously yields bulk quantum oscillations with characteristics of an
unconventional Fermi liquid. We present quantum oscillation measurements of magnetic
torque in high-purity single crystals of the Kondo insulator SmB6, which reveal quantum
oscillation frequencies characteristic of a large three-dimensional conduction electron
Fermi surface similar to the metallic rare earth hexaborides such as PrB6 and LaB6. The
quantum oscillation amplitude strongly increases at low temperatures, appearing strikingly
at variance with conventional metallic behavior.

K
ondo insulators, a class of materials posi-
tioned close to the border between insu-
lating andmetallic behavior, provide fertile
ground for unusual physics (1–14). This
class of strongly correlated materials is

thought to be characterized by a ground state

with a small energy gap at the Fermi energy
owing to the collective hybridization of conduc-
tion and f-electrons. The observation of quantum
oscillations has traditionally been associated with
a Fermi liquid state; here, we present the sur-
prising measurement of quantum oscillations in
the Kondo insulator SmB6 (15) that originate from
a large three-dimensional Fermi surface occupy-
ing half the Brillouin zone and strongly resem-
bling the conduction electron Fermi surface in
the metallic rare earth hexaborides (16, 17). Our
measurements in SmB6 reveal a dramatic depar-
ture from conventionalmetallic Lifshitz-Kosevich
behavior (18); instead of the expected satura-
tion at low temperatures, a striking increase is

observed in the quantum oscillation amplitude
at low temperatures.
Single crystals of SmB6 used in the present

study were grown bymeans of the image furnace
technique (19) in order to achieve high purities
as characterized by the high inverse residual re-
sistivity ratio. Single crystals with inverse resist-
ance ratios [IRR=R(T= 1.8K)/R(T=300K), where
R is resistance and T is temperature] of the order
of 105 were selected for this study; the IRR has
been shown to characterize crystal quality, with
the introduction of point defects through radia-
tion damage (20) or through off-stoichiometry
(21), resulting in a decrease in low-temperature
resistance and an increase in high-temperature
resistance. The resistance of a SmB6 single crys-
tal is shown in Fig. 1B measured as a function of
temperature at zero magnetic field and in an
appliedDCmagnetic field of 45 T, demonstrating
that activated electrical conductivity character-
istic of an energy gap ≈40 K at the Fermi energy
persists up to high magnetic fields. The non-
magnetic ground state of SmB6 is evidenced by
the linear magnetization up to 60 T (Fig. 1B, bot-
tom inset).
We observed quantum oscillations in SmB6 by

measuring the magnetic torque. The measure-
ments were done in magnetic fields up to 40 T
and down to T = 0.4 K and in magnetic fields up
to 35 T and down to T = 0.03 K. Quantum os-
cillations periodic in inverse magnetic field are
observed against a quadratic background, with
frequencies ranging from 50 to 15,000 T (Fig. 1,
A, C, andD). A Fourier transform of the quantum
oscillations is shown in Fig. 2A as a function of
inversemagnetic field, revealing well-defined peaks
corresponding to multiple frequencies. The peri-
odicity of the quantum oscillations in inverse
magnetic field is revealed by the linear Landau
index plot in Fig. 2B.
The observation, especially of rapid quantum

oscillations with frequencies higher than 10 kT
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Fig. 1. Quantumoscillations in themagnetic torque inSmB6. (A) Quantum
oscillations in magnetic torque are visible against a quadratic background.
(Inset) Schematic of the magnetic torque measurement setup using a
capacitive cantilever and the notation for angular rotation by angle q. (B) Re-
sistance as a function of temperature in zero magnetic field (blue line) and
at 45 T (green line) using an unchanged measurement configuration on a
SmB6 sample of dimensions 1.1 by 0.3 by 0.1 mm. (Top inset) Measured
resistance from 80 mK up to high temperatures, from which the high IRR

can be ascertained [a fit to activated electrical conductivity is provided in
(23)]. (Bottom inset) Magnetization of SmB6 at 2.1 K remains linear up to 60 T.
(C) Dominant low-frequency quantum oscillations can be discerned after
background subtraction of a sixth-order polynomial. (D) Magnetic torque
at the highest measured fields after the subtraction of the low-frequency
background torque. Quantum oscillations are visible in an intermediate-
frequency range (between 2000 and 4000 T) as well as a high-frequency
range up to 15,000 T.
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Quantum oscillations in the bulk ?
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No residual linear term !


