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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 SmBg, which reveal quantum
oscillation frequencies characteristic of a large three-dimensional conduction electron
Fermi surface similar to the metallic rare earth hexaborides such as PrBg and LaBg. The
quantum oscillation amplitude strongly increases at low temperatures, appearing strikingly
at variance with conventional metallic behavior.

ondo insulators, a class of materials posi-
tioned close to the border between insu-
lating and metallic behavior, provide fertile
ground for unusual physics (I-14). This
class of strongly correlated materials is
thought to be characterized by a ground state
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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 SmBg (75) 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 SmBg reveal a dramatic depar-
ture from conventional metallic Lifshitz-Kosevich
behavior (18); instead of the expected satura-
tion at low temperatures, a striking increase is
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observed in the quantum oscillation amplitude
at low temperatures.

Single crystals of SmBg used in the present
study were grown by means of the image furnace
technique (Z9) 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'= 1.8 K)/R(T'= 300 K), where
Ris resistance and 7'is temperature] of the order
of 10° 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 SmBg single crys-
tal is shown in Fig. 1B measured as a function of
temperature at zero magnetic field and in an
applied DC magnetic 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 SmBg is evidenced by
the linear magnetization up to 60 T (Fig. 1B, bot-
tom inset).

We observed quantum oscillations in SmBg by
measuring the magnetic torque. The measure-
ments were done in magnetic fields up to 40 T
and down to 7 = 0.4 K and in magnetic fields up
to 35 T and down to 7 = 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, and D). A Fourier transform of the quantum
oscillations is shown in Fig. 2A as a function of
inverse magnetic 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 kKT
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Fig. 1. Quantum oscillations in the magnetic torque in SmBg. (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 6. (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
SmBg 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
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range up to 15,000 T.
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can be ascertained [a fit to activated electrical conductivity is provided in
(23)]. (Bottom inset) Magnetization of SmBg at 2.1 K remains linear up to 60 T.
(€) 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
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(corresponding to approximately half the volume
of the cubic Brillouin zone) in SmB, is striking.
This observation is in contrast to previous re-
ports of very-low-frequency quantum oscillations
corresponding to a few percent of the Brillouin
zone in SmBg, attributed to a two-dimensional
surface contribution (22). Our observation of very
high quantum oscillation frequencies requiring
mean free paths on the order of a few micrometers
would be challenging to explain from a surface
layer of a few atomic lengths’ thickness, which
would typically yield such rapid frequencies only
at a special angle of inclination at which the cy-
clotron orbit lies completely within the surface
layer. Key to identifying the Fermi surface from
which the observed quantum oscillation frequencies
originate is a comparison with previous quantum
oscillation measurements on metallic hexaborides,
such as nonmagnetic LaBg, antiferromagnetic
CeBg, and antiferromagnetic PrBg (16, 17). These
materials exhibit a metallic ground state involving
predominantly conduction electrons, with a low
residual resistivity of the order of one microhm cm
(=106 times lower than in Kondo insulating SmBe)
and are characterized by a multiply connected
Fermi surface of prolate spheroids (Fig. 3, D and
E). Strikingly, the angular dependence of the var-
ious quantum oscillation frequencies in SmBg
reveals characteristic signatures of the three-
dimensional Fermi surface identified in the me-
tallic rare earth hexaborides (Fig. 3, A to C). In
particular, the high observed o frequencies (Fig. 3A)
reveal the characteristic symmetry of large pro-
late spheroids centered at X-points of the Brillouin
zone (Fig. 3, D and E), whereas the lower observed
frequencies (Fig. 3A) reveal the characteristic
symmetry of small ellipsoids located at the neck
positions. Both of these types of ellipsoids are
universal Fermi surface features identified from
experiment and band structure calculations in
the metallic rare earth hexaborides (16, 17). Sim-
ilar features are also revealed in density functional
calculations of SmBg when the Fermi energy is
shifted from its calculated position in the insu-
lating gap either up into the conduction or down
into the valence bands (Fig. 3, D and E) (23).
The observed angular dependence of quantum
oscillations in SmBg remains the same irrespec-
tive of whether the sample is prepared as a thin
plate with a large plane face perpendicular to the
[110] direction, or to the [100] direction (fig. S1),
and exhibits the same characteristic signatures
with respect to the orientation of the magnetic
field to the crystallographic symmetry axes of
the bulk crystal (Fig. 3A). The bulk quantum
oscillations we measure in SmBg corresponding
to the three-dimensional Fermi surface mapped
out in the metallic rare earth hexaborides may
not be directly related to the potential topolog-
ical character of SmBg, which would have as its
signature a conducting surface (24). In addition
to the magnetic torque signal from the atom-
ically thin surface region being several orders
of magnitude smaller than the signal from the
bulk, the observation of surface quantum oscil-
lations would be rendered more challenging by
the reported Sm depletion and resulting recon-
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Fig. 2. Landau quantization in SmBg. (A) Fourier transforms of magnetic torque as a function of
inverse magnetic field, from which a polynomial background has been subtracted, revealing multiple
quantum oscillatory frequencies ranging from 50 T to 15,000 T. Field ranges for analysis have been
chosen that best capture the observed oscillations, with the highest frequencies only appearing in
the higher field ranges. (B) The maxima and minima in the derivative of magnetic torque with
respect to the magnetic field, corresponding to the dominant low-frequency oscillation, are plotted
as a function of inverse magnetic field; the linear dependence signals Landau quantization.

struction of Sm ions at the surface layer of
SmBg (25).

The unconventional character of the state we
measure in SmBg becomes apparent upon inves-
tigating the temperature dependence of the quan-
tum oscillation amplitude in SmBgs. We found
that between 7 = 25 K and 2 K, the quantum os-
cillation amplitude exhibits a Lifshitz-Kosevich-
like temperature dependence (Fig. 4) characteristic
of a low effective mass similar to that of metallic
LaBg, which has only conduction electrons (16).
The comparable size of low-temperature electronic
heat capacity measured for our SmBg single crys-
tals to that of metallic LaBs (23) also seems to
suggest a large Fermi surface with low effective
mass in SmBg. However, instead of saturating at
lower temperatures as would be expected for the
Lifshitz-Kosevich distribution characteristic of
quasiparticles with Fermi-Dirac statistics (18), the
quantum oscillation amplitude increases dramat-
ically as low temperatures down to 30 mK are
approached (Fig. 4). Such non-Lifshitz-Kosevich
temperature dependence is remarkable, given the
robust adherence to Lifshitz-Kosevich tempera-
ture dependence in most examples of strongly
correlated electron systems, from the underdoped
cuprate superconductors (26) to heavy fermion
systems (27, 28) to systems displaying signatures

of quantum criticality (29), a notable exception
being fractional quantum Hall systems (30, 31).
The possibility of a subtle departure from Lifshitz-
Kosevich temperature dependence has been re-
ported in a few materials (32, 33).

The ground state of SmBg is fairly insensitive
to applied magnetic fields, with activated electri-
cal conductivity behavior across a gap remaining
largely unchanged up to at least 45 T (Fig. 1B).
Such a weak coupling to the magnetic field is in
contrast to unconventional states in other mate-
rials that are tuned by an applied magnetic field
(6-11, 13). Furthermore, this rules out the pos-
sibility of quantum oscillations in SmBg arising
from a high magnetic field state in which the
energy gap is closed. The possibility that quan-
tum oscillations arise from static, spatially dis-
connected metallic patches of at least 1-um length
scale that do not contribute to the electrical trans-
port also appears unlikely. Similar quantum os-
cillations are observed in all (more than 10)
measured high-quality samples in multiple high-
magnetic-field experiments, with the best sam-
ples yielding magnetic quantum oscillations of
amplitude corresponding to a substantial frac-
tion of the expected size from bulk SmBg. The
presence of rare earths other than Sm has been
ruled out to within 0.01% by means of chemical
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Fig. 3. Angular dependence of the quantum oscillation frequencies in
SmBeg. (A) Data from two of the SmBg samples in which oscillations were
observed are shown, indicated by solid and open circles. One of the samples
(solid circles) was prepared as a thin plate with the dominant face per-
pendicular to the [100] axis [sample 1 (23)], and the second sample (open
circles) was prepared as a thin plate with the dominant face perpendicular to
the [110] axis [sample 2 (23)]. (B and C) The angular dependence strongly
resembles that of the three-dimensional Fermi surface in antiferromagnetic
PrBg shown in (B), and nonmagnetic LaBg shown in (C) (17). (D and E) The a
orbit in red in all the rare earth hexaborides is fit to large multiply connected

90 0
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prolate spheroids centered at the X points of the Brillouin zone, shown in (D); a
cross section in the XM plane is shown in (E). The p and p’ orbits in each of the
rare earth hexaborides are fit to small ellipsoids located at the neck positions
[not shown in (D) and (E)]. More details of the fits are provided in (23). The
remaining intermediate orbits are shown with lines as a guide to the eye. All
orbit identifications have been made after measured frequencies and band
structure calculations in PrBg and LaBg (17). (D) and (E) show Fermi surfaces
calculated for SmBg using density functional theory (23), with a downward shift
of the Fermi energy from its calculated position within the gap to expose the
unhybridized bands and yield pocket sizes similar to experiment.
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tion electrons form a solely conduction electron
Fermi surface, similar to that we observe (2, 35-39).
A fluctuation time scale in the range between
107® and 107" seconds is suggested by previous
x-ray absorption spectroscopy and Mossbauer
measurements (40). This time scale is longer or

12 14 16

analysis and scanning electron microscopy (23).
Off-stoichiometric metallic regions of SmBg ap-
pear an unlikely explanation for our results,
given reports that up to 30% Sm depletion does
not close the energy gap (20), whereas scanning
electron microscopy of our samples reveals a
homogeneity of within 1% of Sm concentration

SCIENCE sciencemag.org

over the sample area (23). The possibility of spa-
tially disconnected strained regions of SmBg,
which is known to become metallic under ap-
plied pressures on the order of 10 GPa, or static
spatially disconnected islands of hybridized and
unhybridized Sm f-electrons also seems unlike-
ly. An improvement in the IRR by means of the

comparable with the inverse cyclotron frequency
(1/w,), which is on the order of 10" seconds for
the measured cyclotron orbits. Intriguingly, sim-
ilar slow fluctuations have been invoked to explain
quantum critical signatures in the metallic felectron
system B-YbAIB, (4I). SmBg may be viewed as
being on the border of quantum criticality in the
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sense that it transforms from a nonmagnetic
insulating phase to a magnetic metallic phase
under applied pressures on the order of 10 GPa
(42-45), which is in contrast to other metallic
rare earth hexaborides in which the f-electrons
order magnetically in the ambient ground state.
Our observation of a large three-dimensional
conduction electron Fermi surface revealed by
quantum oscillations may be related to reports
of a residual density of states at the Fermi energy
in SmBg4 through measurements of heat capacity
(23, 46), optical conductivity (47), Raman scat-
tering (48), and neutron scattering (49). Another
possibility is that quantum oscillations could
arise even in a system with a gap in the excitation
spectrum at the Fermi energy, provided that the
size of the gap is not much larger than the cy-
clotron energy (50). Within this scenario, the re-
sidual density of states observed at the Fermi
energy with complementary measurements and
the steep upturn in quantum oscillation ampli-
tude we observe at low temperatures appear chal-
lenging to explain.
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NANOPARTICLE IMAGING

3D structure of individual
nanocrystals in solution
by electron microscopy

Jungwon Park,>?* Hans Elmlund,*** Peter Ercius,®* Jong Min Yuk,”%°
David T. Limmer,'° Qian Chen,"%" Kwanpyo Kim,'> Sang Hoon Han,'3
David A. Weitz,>® A. Zettl,”®° A. Paul Alivisatos™*°t

Knowledge about the synthesis, growth mechanisms, and physical properties of colloidal
nanoparticles has been limited by technical impediments. We introduce a method for
determining three-dimensional (3D) structures of individual nanoparticles in solution. We
combine a graphene liquid cell, high-resolution transmission electron microscopy, a direct
electron detector, and an algorithm for single-particle 3D reconstruction originally
developed for analysis of biological molecules. This method yielded two 3D structures of
individual platinum nanocrystals at near-atomic resolution. Because our method derives
the 3D structure from images of individual nanoparticles rotating freely in solution, it
enables the analysis of heterogeneous populations of potentially unordered nanoparticles
that are synthesized in solution, thereby providing a means to understand the structure

and stability of defects at the nanoscale.

olloidal nanoparticles are clusters of hun-
dreds to thousands of inorganic atoms typ-
ically surrounded by organic ligands that
stabilize them in solution. The atomic ar-
rangement of colloidal nanoparticles deter-
mines their chemical and physical properties, which
are distinct from bulk materials and can be ex-
ploited for many applications in biological imag-
ing, renewable energy, catalysis, and more. The 3D
atomic arrangement on the surface and in the core
of a nanocrystal influences the electronic struc-

ture, which affects how the nanocrystal functions
in catalysis or how it interacts with other com-
ponents at the atomic scale (I). Introduction of
atomic dopants, surface adatoms, defects, and grain
boundaries alters the chemical properties of nano-
crystals (2). Ensembles of synthesized nanocrystals
in solution are structurally inhomogeneous because
of the stochastic nature of nanocrystal nucleation
and growth (3, 4). Therefore, a method for deter-
mination of the 3D atomic arrangement of indi-
vidual unique nanoparticles in solution is needed.
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