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Heavy-fermion family exhibits fascinating and often puzzling properties due to the presence of
open-shell f ions and the complexity of the associated charge, orbital, and spin degrees of freedom.
SmB6 is a prototypical heavy-fermion compound that is electrically insulating but yet it displays
quantum oscillations, which are a telltale signature of the metallic state. Adding to the enigma is the
possibility that SmB6 is a topological Kondo insulator. Here, by treating the spin degree of freedom
on an equal footing with other degrees of freedom using the parameter-free strongly-constrained and
appropriately-normed (SCAN) density functional, we explore the ground-state electronic structure of
SmB6. A number of competing magnetic phases lying very closely in energy are found, indicating the
key role of spin fluctuations in the material. The computed band structure, crystal-field splittings
in the f -electron complex, the heavy effective electron mass at the Fermi energy, and the large
specific heat are all in good agreement with the corresponding experimental results. In particular,
our predicted FS explains the experimentally observed bulk quantum oscillations as well as the
low electrical conductivity of SmB6. The topological Kondo state of SmB6 is shown to be robust
regardless of its magnetic configuration. The excellent performance of SCAN in heavy-fermion
systems is explained in terms of its ability to treat self-interaction errors and symmetry breaking
within the framework of the density functional theory. Our study provides a new approach for
modeling heavy-fermion materials.

I. INTRODUCTION

Correlated materials with open d- or f -shells have long
been at the center of condensed matter research theoret-
ically and experimentally due to their fascinating prop-
erties [1, 2], including metal insulator transition [3], non-
Fermi liquid behavior [4], the Kondo effect [5], and un-
conventional superconductivity [6]. This complexity is
driven by the interplay of various degrees of freedom, of
which spin is perhaps the most intriguing in that it re-
sults in the emergence of competing orders with a rich
tapestry of phase diagrams. Local magnetic moments of
d- and f -ions have drawn less attention when long range
magnetic ordering is not observed experimentally [7–10].

In correlated materials involving transition metal el-
ements, we have predicted the presence of intertwined
orders, where the ground state competes with multiple
nearly-degenerate phases with strong local magnetic mo-
ments [7, 11–13]. Non-magnetic phases are found not to
be energetically competitive, suggesting that local mag-
netic moments must be present on some disordered or
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short-range ordered scale. Given the similarities in spin
structure and differences in orbital characters of the d
and f electrons, with rapidly growing interest in heavy-
fermion physics [2], it is important to ask the question:
What is the role of local magnetic moment in driving
properties of open f -shells systems?

We attempt to address this question with the ex-
ample of SmB6 as a prototypical heavy-fermion sys-
tem. SmB6 has been of special interest as a poten-
tial strongly correlated topological insulator (TI) [14].
In fact, its possible surface state was reported over 50
years ago, long before TIs were known [15]. Recent
classification of SmB6 as a new class of strongly corre-
lated electrons–a topological Kondo insulator (TKI) [16],
has attracted considerable theoretical [17–19] and exper-
imental [20–28] interest, although the situation remains
ambiguous. Some angle-resolved photoemission spec-
troscopy (ARPES) [25–27, 29], scanning tunneling spec-
troscopy [30, 31], and de Haas-van Alphen (dHvA) oscil-
lation studies [20, 32] claim to have found the topological
surface states. But other dHvA experiments [21, 22, 33]
indicate that the quantum oscillations (QOs) of SmB6

are bulk like. This conclusion is supported also by re-
cent x-ray Compton scattering experiments [34] but it is
seemingly incompatible with SmB6 being an insulator.
Moreover, the experimentally measured low-temperature
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linear specific heat of SmB6 cannot be attributed to a
surface state [22, 35, 36]. It has been suggested [37] that
one of the QOs in SmB6 may be an artefact due to alu-
minum inclusions. These seemingly contradictory results
must be understood in order to gain a handle on the
strange electronic and topological behavior of SmB6.

In this connection, a variety of theoretical models have
been proposed. These include a number of exotic [38–
41] and disorder-based [42–44] models, which are de-
signed to explain the co-existence of QOs and low elec-
tric conductivity in SmB6. Among the first-principles
studies, various flavors of the density-functional theory
(DFT) [18, 19, 45–47] have not been able to provide va-
lence f -band splittings and Fermi surface (FS) topolo-
gies of SmB6 in accord with experimental results. These
fundamental failures are usually ascribed to the diffi-
culty of describing strongly localized f electrons in DFT
due to self-interaction errors (SIE) [48] and the com-
petition between the itinerant and localization tenden-
cies [49]. Dynamical mean-field theory (DMFT) [50] and
DFT+Gutzwiller [17] have also been applied to SmB6.
Early DMFT calculations did not obtain the correct f -
band splittings [25, 27, 29], although recent work [51]
captures f -band splittings, insulating response, and the
TKI state. However, since ref [51] found an insulator,
they did not address the problems of QOs and specific
heat. It may be noted that DMFT is typically much
more expensive computationally compared to DFT.

Although much of the existing literature on SmB6 as-
sumes a non-magnetic ground state, recent experiments
demonstrate the presence of localized magnetic moments
on Sm sites with short-range magnetic correlations at
low temperatures. Notably, the rounded maximum in
the magnetic susceptibility observed in XMCD [23] and
the nonzero average values of the hyperfine interactions
found in nuclear forward-scattering experiments [52] con-
firm the presence of intrinsic short-range magnetic cor-
relations. Moreover, muon-spin-rotation (µSR) [53, 54]
and NMR [55] find the magnetic fluctuations to be homo-
geneous throughout the volume of the sample. Magnetic
fluctuations obviously require first-principles treatments
that go beyond the non-magnetic case [7, 9].

Here, we employ the strongly-constrained and
appropriately-normed (SCAN) density functional [56] to
examine SmB6. All degrees of freedom (spin, orbital,
charge, and lattice) are treated on an equal footing with-
out invoking any free parameters such as the Hubbard
U. We consider several magnetic configurations of SmB6,
which lie extremely close in energy. Our calculations
capture the correct Sm f -band splittings and the large
specific heat in good agreement with the corresponding
experimental results. We predict bulk FSs composed of
hybridized d and f orbitals which are in good agreement
with the QO experiments when small effects of Sm va-
cancies are included. Moreover, we find a convergence
of several factors that can contribute to exceptionally
low conductivity, including the heavy effective electron
mass predicted at the FS. We also reconcile the seem-

ingly incompatible experimental observations related to
the existence of topological surface states. Finally, the
excellent performance of SCAN is explained by its im-
proved treatment of SIE and the effect of stabilized local
magnetic moments.

II. METHODOLOGY

All calculations were performed by using the pseu-
dopotential projector-augmented wave method [57] as
implemented in the Vienna ab-initio simulation pack-
age (VASP) [58, 59]. A high energy cutoff of 520
eV was used to truncate the plane-wave basis set.
The exchange-correlation effects were treated using the
strongly-constrained-and appropriately-normed (SCAN)
meta-GGA scheme [56]. For the energies and unfolded
band structure calculations, we adopted a 2 × 2 × 2 su-
percell for all the magnetic structures considered with a 6
× 6 × 6 Γ-centered k mesh to sample the bulk BZs. Spin-
orbit coupling effects were included self-consistently. The
crystal structures and ionic positions were fully optimized
with a force convergence criterion of 0.01 eV/Å for each
atom and a total energy tolerance of 10−5 eV. For the
PM phase, the polymorphous representation of magnetic
moments at different Sm sites was implemented with the
special-quasi-random structure (SQS) model [60, 61]. We
used the stochastic generation algorithm implemented in
the alloy theoretic automated toolkit (ATAT) [62, 63]
code to search for the best SQS for our 56 atom supercell.
To explore the FS topology, we adopted a 1 × 1 × 2 su-
percell for the A-AFM model with 4225 k points in order
to get a high-quality plot. The predicted QO frequencies
were calculated using the SKEAF program [64]. We used
BandUp to obtain the unfolded band structure [65, 66].
The FS was obtained with the FermiSurfer code [67].

III. RESULTS

A. Crystal, magnetic, and electronic structures

SmB6 is known to crystallize in the CsCl-type struc-
ture with the Sm atoms located at the corners and B6

octahedral cluster lying at the body center of the cu-
bic lattice. In order to better understand the nature of
the ground state, we consider non-magnetic (NM), para-
magnetic (PM), and several magnetic states, including
the ferromagnetic (FM) as well as the classical A-, C -
, and G-type antiferromagnetic (AFM) configurations.
The PM phase is modeled by a special quasi-random
structure (SQS) [60, 61] with a 56-atom supercell. We
adopt a 2×2×2 supercell as shown in Fig. 1. Table I gives
the relaxed lattice constants for all magnetic configura-
tions considered, which agree well with the corresponding
experimental value of 4.133 Å [30].

As seen from Table I, the total energies of different
magnetic configurations are very close to one another al-
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FIG. 1. Structure models for various magnetic configurations. (a) Non-magnetic (NM), (b) ferromagnetic (FM), (c) special-
quasirandom paramagnetic structure (SQS-PM), (d) A-type antiferromagnetic (A-AFM), (e) C -type antiferromagnetic (C -
AFM), and (f) G-type antiferromagnetic (G-AFM) configurations. The blue and aqua balls represent Sm and B atoms,
respectively. The orange and purple arrows denote different magnetic moment directions

TABLE I. The calculated lattice constants, energies, magnetic moments, and topological characters for various magnetic
configurations of SmB6.

Phase Lattice Constant (Å) Energy MSm Topological

a b c (meV/atom) (µB) Character

A-AFM 4.126 4.126 4.129 0 5.447 Non-trivial

SQS -PM 4.128 4.128 4.128 +2.29 5.446 Non-trivial

FM 4.129 4.129 4.129 +3.42 5.458 Non-trivial

C -AFM 4.126 4.126 4.122 +5.18 5.433 Non-trivial

G-AFM 4.129 4.129 4.129 +5.88 5.425 Non-trivial

NM 4.119 4.119 4.119 +717.12 0 Non-trivial

though the A-type AFM (A-AFM) phase has the lowest
energy. Magnetic moments are ∼5.4 µB in all cases. In-
terestingly, the energy and local magnetic moments in the
SQS-PM model are similar to those of the A-AFM phase.
Note that the NM state that has been the focus of much
of the earlier work lies at 717.12 meV/atom higher than
the A-AFM state. Our results emphasize the importance
of quantum fluctuations and competing orders in SmB6.
These findings are consistent with those on other strongly
correlated materials with competing orders [7–9, 11, 12].

Next, we present the band structures for the A-AFM
and SQS-PM phases in Fig. 2, the two lowest energy

phases, along with that of the energetically-disfavored
NM phase. The f -electron band complex in A-AFM and
SQS-PM is seen to be divided into three groups of bands
in agreement with ARPES experiments [25, 27, 29]. In
contrast, in the NM case the f -valence bands stay clus-
tered around the Fermi level (Fig. 2 (c)). These results
highlight the important role of local magnetic moments
in SmB6.

The 2×2×2 supercell based band structure of the A-
AFM state [Fig. 2(a)] and its unfolded representation on
the original 1×1×1 Brillouin zone (BZ) [Figs. 2(d) and
(e)] show that the three crystal-field-split f states are lo-
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FIG. 2. Bulk band structure of SmB6 for various magnetic configurations. (a) Orbital-resolved band structure and density-
of-states (DOS) of A-AFM in the Brillouin zone (BZ) of the 2 × 2 × 2 real-space supercell. (b) Schematic illustration of the
observed SmB6 band structure in ARPES experiments. Blue, yellow and green lines represent f -, d- and p-states, respectively.
f-bands represent those seen in Ref. [25, 27, 29]. (c) Similar to (a), but for the nonmagnetic phase with primitive cell. (d) The
unfolded band structure corresponding to (a) in the primitive 1 × 1 × 1 BZ. (e) Closeup of the area marked by the red-dashed
rectangle in (c) to highlight the flat f band and the d − f hybridized bandgap near EF . (f) The unfolded band structure for
the SQS-PM configuration. The f -state degeneracy is now further reduced due to the disordering of spins at the Sm sites.
Intensity of the dispersion features in frames (d)-(f) is a measure of their unfolded spectral weight.

cated around -0.13, -0.30, and -1.0 eV. Similar f -band
splittings also occur in the SQS-PM [Fig. 2(f)] as well
as other magnetic states, see Fig. S1 of supplemen-
tary materials (SM). As expected, the degeneracy of the
f bands in SQS-PM is lower compared to other mag-
netic states due to the local spin-disorder on the Sm
sites. These results are in substantial accord with the
ARPES measurements and, to the best of our knowl-
edge, such a level of agreement was only achieved in the
latest DFT+DMFT calculations [51], but not in earlier
studies [17, 18, 45, 46, 50]. Note that while ARPES is a
surface-sensitive spectroscopy, it can probe both the sur-
face and bulk states with relative sensitivity that depends
on the photon energy used in the measurements. SCAN’s
ability to capture f -band splittings is further discussed
in Section III D

Figure 2 shows that the low-energy states in SmB6

mainly consist of the dispersive Sm 5d and flat 4f bands,
irrespective of the magnetic configuration. There is a hy-
bridization gap due to the mixing of the d and f bands
away from the high-symmetry points at EF . The Sm f
bands are essentially flat with a high density of states
(DOS) of 61.80 states/eV at EF [Fig. 2(a)]. The asso-

ciated specific heat coefficient (theoretical) is γ = 18.21
mJ K−2mol−1, which is consistent with the experimen-
tal value of 10 ∼ 50 mJ K−2mol−1 [22, 35, 36], indicat-
ing that the unusual specific heat capacity of SmB6 is
a bulk effect. The preceding analysis strongly indicates
the critical role of localized magnetic moments in SmB6

for predicting band structure and specific heat. Next,
we move to discuss the co-existence QOs and low electric
conductivity.

B. Quantum Oscillations

1. SCAN-based predictions

Although there is a d− f hybridization gap in SmB6,
the ground state of A-AFM is metallic with extremely
flat, heavy-fermion-like bands near the EF [Fig. 2 (d)].
We will show below how such a band structure can lead
to QOs similar to those observed in experiments [22, 33].

Figure 3 shows that the unfolded FS of A-AFM phase
with a 1 × 1 × 2 supercell consists of two distinct sheets
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FIG. 3. Theoretical Fermi surface (FS) and related quantum oscillation (QO) frequencies for the unfolded A-AFM structure
from 1 × 1 × 2 superlattice BZ. (a) The unfolded FS for the A-AFM in the primitive 1 × 1 × 1 BZ. The ε and ρ Fermi pockets
are marked. The color code indicates the Fermi velocity. Projection on (b) kz = 0 plane of ε and (c) the kz = π/2c plane of
the ρ pockets. (d) Calculated QO frequencies of the ρ pockets with the field rotating from the [001] to [010] direction. Effective
masses (m∗/me) in [001], [111], [110] and [010] directions are marked on the red colored lines. Different color lines indicate
different branches associated with X-, Y- or Z- oriented domain wall. (e) Same as (d) but for the ε Fermi pockets.ρexp and εexp
electron pockets are from ref [33]

with their symmetry-related replicas on the primitive
1 × 1 × 1 BZ. The larger surface centered at the X point
near the kz = 0 plane is labeled as ε whereas the surfaces
lying on the kz= ±π/2c plane are identified as ρ. In Fig.
S2 of SM, we show the evolution of the unfolded FS on
the primitive 1 × 1 × 1 BZ if the Fermi energy is varied.
The ε surface is very sensitive to changes in EF and its
shape changes drastically with just a 1 meV (or 11.6 K)
shift of EF [Fig. S2]. Importantly, when we increase EF

by 3 meV, our theoretical results come into reasonable ac-
cord with experiments and, for this reason, we will now
focus on the results at E= EF +3 meV in Fig. 3. Shifts in
Fermi energies with respect to the computed band struc-
tures are quite commonly invoked in the literature due
to uncertainties inherent in first-principles computations
and also to account for the effects of doping and defects
on the materials involved in the experiments. Moreover,
SmB6 lies close to an insulator-metal transition, making
it especially susceptible to tuning by applied magnetic
field and material parameters. Note also that we find a
diverging mass near the original (unshifted) Fermi level
due to flat f bands, see Supplementary Section 1 for de-
tails.

The calculated QOs for different magnetic field ori-
entations associated with the ρ Fermi pockets are pre-
sented in Fig. 3 (d). Branches resulting from X-, Y- and
Z-oriented crystallites are shown to highlight multiplic-
ity of possibilities. The area of this surface varies from
450-650 T which is somewhat narrower than the cor-
responding experimentally observed value ρexp of 309-
750 T [22]. We find eight symmetry-related pockets
which lie on the kz = ±π/2c planes [Figs. 3 (a) and
(c)]. Notably, experiments not only find these eight pock-
ets but also their symmetry related counterparts on the
kx = ±π/2a and ky = ±π/2b planes [22]. These ex-
perimental results can be understood naturally if we in-
clude two other A-AFM domains with short axes along
the x and y directions. There are eight ρ pockets cen-
tered at (±π/2a, 0,±π/2c) and (0,±π/2b,±π/2c) for
the A-AFM domain with short-axis along z. Similarly,
the Fermi pockets are located at (±π/2a,±π/2b, 0) and
(±π/2a, 0,±π/2c) for the short axis along the x axis and
at (±π/2a,±π/2b, 0) and (0,±π/2b,±π/2c) for the short
axis along the y axis. These 24 pockets are degenerate
in pairs leaving only 12 pockets in agreement with ex-
periments. Such a multi-domain scenario is commonly
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observed in experiments where heterogeneous nucleation
leads to strong twinning of the allowed domains. In the
interest of brevity, we will discuss only our results with
the z -oriented A-AFM domains.

The calculated QO frequencies for the ε pockets of the
FS are shown in Fig. 3 (e). Interestingly, the ε pockets,
illustrated in Figs. 3 (a) and (b) display an anomalous
‘flatfish’ shape, where the flat portions come from the
Sm f states while the large cross-sections result from
the Sm d states [Figs. 2 (a), (d), (e)]. The calculated fre-
quency for the ε pockets is quite small everywhere, except
for fields along the [001]-[111], and [110]-[010] directions
where the frequency approaches the experimental values
(αexp) [22].

The experimental QO spectrum can thus be under-
stood as follows. The flat band (εexp) seen in ref [22]
agrees well with our ε flatfish band along the [001]-[111]-
[110] directions. The αexp pockets seen in the experi-
ments may be the result of a magnetic breakdown, which
results in the decoupling of the hybridized d and f bands
to yield a purely d-like FS. The α

′

exp band at ∼7,000 T
may be another breakdown feature that arises from the
mixing of the εexp- and αexp-band frequencies. In order
to model the effects of the magnetic breakdown, we have
repeated our calculations by restoring the unhybridized
d bands at the Fermi level by artificially moving the f
electrons into the core region, see Section III B 3. The
resulting frequencies are comparable to the αexp frequen-
cies of ∼8,000 T [22]. In this way, we are able to account
for all the experimentally observed QO features.

We emphasize that the anomalous ‘flatfish’ ε pockets
could explain the insulating character of SmB6. Note
first that the large experimental αexp band will make no
contribution to transport if it reflects the effects of mag-
netic breakdown under high fields as we discussed above.
The flat ε band with angle-dependent effective masses
with a maximum value of ∼21 me, however, will lead to
nearly localized heavy-fermion carriers which can act as
strong scatterers [see Fig. S4]. The observed reduction of
effective mass with increasing temperature [68] suggests
that the f electrons rapidly become incoherent and de-
couple from QOs, which is in keeping with the fact that
our zero-temperature effective masses are greater than
the experimental values [22, 37]. Ref. [43] finds that the
electron mass is 0.18 me at temperatures above 1 K, but
rapidly increases to 30 me at lower temperature, consis-
tent with our calculated values at T=0 K. Since our band
structure computations refer to zero temperature, we are
not in a position to address temperature effects. We fur-
ther note that a recent STM study [69] finds effective
masses as large as 410±20 me, consistent with f -electron
physics. Also, the ‘flatfish’ FS lies close to a Van Hove
singularity (VHS) [Fig. 3 (b)], which could drive strong
scattering even at low temperatures and add an anoma-
lously large temperature-dependent correction to the re-
sistivity. Moreover, the VHS could induce a diverging
effective mass near the termination of the magnetic or-
der, much like the case of the cuprates near the charge-

density-wave critical point [70]. Some evidence for the
presence of a VHS in SmB6 is provided by the appear-
ance of a low-temperature peak in the thermal conductiv-
ity measurements [22]. Correlated materials are known
to show anomalous transport due to intertwined orders or
neutral FS consisting of itinerant low-energy excitations
that can transport heat but not charge [22, 71]. Our re-
sults thus make the electrically insulating bulk state in
SmB6 more plausible. Transport calculations in this con-
nection will be interesting. Notably, a robust transport
gap has been reported experimentally [72].

Since the ρ and ε FS shift in opposite directions with
doping [see Fig. S2], there is a unique doping at which
their average areas match experiment. However, we
find that the shape-anisotropy of the calculated ρ FS is
smaller than that in experiment. This may be related to
a little-known paradox of f -electron physics. As temper-
ature rises and the f -electrons become incoherent, one
expects them to cease contributing to the FS, leading to
a transition from a small (f − d hybridized) to a large
(d-only) FS. However, what is often seen instead is a
transition from a large-mass to a small-mass FS with no
change in area, as discussed by Harrison in SmB6 [43].
This suggests that there is an intermediate phase, where
the FS is still small, but the mass and shape of the FS
are controlled by d-electrons only, which could explain
the difference in shape of the observed ρ pockets at high
T .

2. Previous Models

There has been considerable debate about the origin of
QOs in SmB6 from both experiment and theory. In ex-
periments, ref [20] reported a two-dimensional (2D)-like
FS with a low frequency (less than 1000T), which was
suggested to be due to topological surface states, whereas
ref [37] argues that these QOs might be due to aluminum
inclusions. More recent studies [22, 33], however, found
the low frequency but also a high frequency over 10,000
T. This high frequency agrees with one found in LaB6

and with our calculations when the f electrons of Sm
were not considered (see Figs. 4 and 5), consistent with a
3D FS expected for bulk metallic SmB6. The comparison
of QOs in SmB6 and in aluminum for a wide frequency
range rules out the contribution from aluminum [33].
The fact that the low-frequency oscillation develops an
f -electron contribution below 1 K [43] also rules out the
aluminum interpretation. Refs. [22, 33] also report pos-
sible signatures of 2D QOs in a narrow range of angles
near θ = 0. As we show later, since SmB6 is topolog-
ically nontrivial, one cannot rule out the possibility of
contributions from surface states.

To explain the 3D FS observed in the electrically insu-
lating SmB6, two contrasting models have been proposed:
(1) The QOs arise conventionally [42, 43], with the gaps
closed via a combination of thermal and disorder broad-
ening, albeit with disorder strong enough to explain the
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FIG. 4. (a)-(b) Calculated band structure of LaB6 using SCAN and SCAN+U (U=5 eV), respectively. The two bands near
E = 0 along the branch with k lying between the M and Γ points play a crucial role in forming the ρ-pocket in LaB6. When
the Fermi level crosses the lower band, adjacent α-ellipsoids overlap and open a hole pocket in the overlap region. The ρ-pocket
develops from the tips of the adjacent α-ellipsoids in this hole when the Fermi level crosses the upper band. Computed QO
frequencies for α (c) and ρ (d) Fermi pockets of LaB6 based on SCAN+U. The applied magnetic field is rotated from [001] to
[010] direction. αexp and ρexp electron pockets are from Ref. [33].

low conductivity but weak enough to avoid washing out
the QOs. (2) The QOs are exotic [38–41], arising from
charge-neutral FSs that do not contribute to electrical
transport. The fact that bulk SmB6 was recently found
to be metallic [43] would seem to point in favor of con-
ventional theories.

The Cambridge group found a series of dHvA frequen-
cies in SmB6 [21, 22, 33], which are similar to those for
LaB6, i.e. where only d-electrons are involved, and in-
clude a large cluster of ellipsoids that form the αexp-
bands. They thus argued that a conventional interpre-
tation of the QOs would predict that SmB6 is a good
metal, contrary to experiment, leading them to propose
exotic models of spinless fermions. However, this expla-
nation suffers from the problem that the d-bands appear
to account for all the FS. If so, there is no room left
for strong f − d coupling effects at the Fermi energy,
which are a characteristic feature of a Kondo insulator.

This model therefore cannot account for the observed
hybridization gap [73], which takes the material from
large to small FS. f electrons are also a necessary in-
gredient of the spinless fermion model [41] invoked by
the Cambridge group for SmB6. Specifically, in the spin-
less fermion model [41], the presence of f electrons is
required as they are the source of the spinon-holon pairs.
Other exotic theories [38–40] have been proposed to ex-
plain QOs of SmB6. In contrast, Harrison [43] argues
that f -electrons are present in SmB6 but they only show
up below ∼1 K as an anomalously strong increase of the
dHvA amplitude: this is a conventional model, which in-
volves Sm vacancies instead of spinons and holons and
makes a natural connection with our T = 0 results as
discussed further below.
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FIG. 5. (a) Simulated band structure of SmnofB6 in which f electrons are artificially removed. Black and red dashed lines
represent EF = 0 and EF = 360 meV, respectively. (b) Calculated QO frequencies for the α Fermi pockets at EF . (c)
Calculated QO frequencies for the ρ Fermi pockets at EF = 360 meV. The applied magnetic field in (b) and (c) is rotated from
the [001] to the [110] directions. Experimental αexp and ρexp data is taken from ref. [22]. The calculated α and ρ pockets are
also shown. (d) and (e) show the α Fermi pocket projections on kz = 0 and kz = π/c plane, respectively. (f) αexp electron
pockets from ref [33]

3. Comparison with early band structures

We now compare our calculations with the early non-
magnetic band structures that underlie the exotic model
interpretation of the Cambridge group [21, 22, 33], who
also present QOs of LaB6 for reference. We have also
calculated the QOs of LaB6 in Fig. 4 using SCAN. Fig. 4
shows that we obtain α-bands, absence of f bands near
the Fermi level, and the absence of the ρ-pocket, all in
good accord with earlier findings [74]. Following ref [74],
in order to restore the ρ-pocket, we added U= 5 eV on the
f electrons, which effectively shifts the Fermi level with
respect to the conduction bands along M to Γ. This shift
produces a small ρ-pocket and the α-bands [see Fig. 4],
which are in good agreement with both theoretical [74]
and experimental results [33].

Turning to SmB6, we have simulated the band struc-
ture for an artificial case where the f -electrons are ex-
cluded (referred to as SmnofB6 hereon). SmnofB6 is
representative of magnetic breakdown of the f − d hy-
bridization, which leads to purely d-like FSs. f -electrons
in SmnofB6 are shifted to core states and yield no f -
character in the bands and produce FSs [Fig. 5] very
similar to those of LaB6. Interestingly, SmnofB6 yields
QO frequencies ∼8,000 T in agreement with the observed
high-frequency pockets of SmB6. Comparing frames (b)
and (f) of Fig. 5, we see that the calculated FSs is very
similar to the experimental one [22] except for one dif-
ference. The ellipsoidal FSs assumed in ref [22] pass

through one another without interaction [see Fig. 5 (f)].
In contrast, in our case, the intersecting regions anni-
hilate, leaving holes behind [see Fig. 5 (b)]. Therefore,
to recover the experimental branch at ∼10,000 T would
require another magnetic breakdown to restore the over-
lapping FSs along the long axis of the ellipsoids. Note
that ref. [21] invoked a large shift of the Fermi level above
the f -electron bands to restore the α pocket in their DFT
calculations. Their results agree with ours, in that the
α-pockets do not overlap enough to produce a ρ-pocket,
and they were forced to seek an alternative origin for
their ρ-pockets.

The preceding considerations resolve one of the puz-
zles of SmB6. If SmB6 contains the same large αexp

Fermi pocket as LaB6, then how can it have a signif-
icantly smaller conductivity than LaB6? Our analysis
above with SmnofB6 reveals the illusory nature of this
pocket in that it is due entirely to high-field magnetic
breakdown. This pocket is absent in the low-field region
due to d−f hybridization, which gaps the FS and results
in higher resistivity in SmB6 in accord with experiments.
However, the ρ-pocket is absent in SmnofB6 and a very
large shift is needed to restore this pocket [21, 22, 33], a
shift which is about 100 times larger than that in LaB6

[see Figs. 4 (d) and 5 (c)]. In fact, even a shift of 360
meV is not adequate for this purpose. In contrast, our
SCAN-based SmB6 results (with f electrons) only needs
a 3 meV shift of the Fermi level as shown in Fig. 3, neg-
ligible in comparison with the aforementioned 360 meV
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shift. A recent study [75] reports QOs in heat capacity,
confirming their bulk origin, and also evidence for strong
spin fluctuations below T ∗ ∼15K, which rule out any
role of Al inclusions, and determine effective masses con-
siderably larger than those from the Cambridge group
(m∗/m ∼ 4.5-6.6 vs 0.1-1). All these results are con-
sistent with our model. Note that one possibility for
erroneous effective masses is magnetic breakdown, which
will cause anomalous amplitude variations. We note that
there is an alternative interpretation of the α FSs that
cannot be ruled out. If the f − d hybridization is spa-
tially inhomogeneous, the sample could be a ‘patch map’
of hybridized and unhybridized regions, where coherent
f -electrons exist only in the former regions. A low-field
experiment, where magnetic breakdown is absent, could
presumably resolve between the two scenarios.

With fluctuating magnetic configurations, strong f -
electron participation, and strongly hybridized f − d
bands, our SCAN results [Sec. III B 1] provide a viable
explanation for the observed QOs, and a more reason-
able starting point for a theory of exotic spinon-holon
effects than the Cambridge non-magnetic model for the
following reasons. (i) Spinons and holons were origi-
nally discovered as emergent excitations of a 1D AFM
system, and their existence normally requires an AFM
background. In the 2D cuprates, spinons and holons have
not been found despite much effort [76]. The best place
to look for these quasiparticles would be in frustrated
magnets or spin liquids. It is plausible that spinons
and holons in 2D will be associated with fluctuating
AFM/stripe phases, which occur naturally in our model.
Notably, we have identified an emergent spin liquid in the
cuprates [77]. (ii) Alternatively, it has been suggested
that spinons and holons are sensitive to disorder, and
that the insulating state in SmB6 is more likely associ-
ated with a Slater insulator [44], which is the case in our
model.

C. Topological Structure

We turn now to discuss the topological structure of
SmB6. The low-energy states in SmB6 are dominated
by Sm 5d and 4f orbitals, where the 5d -derived bands
show an exceptionally large degree of itinerancy with
a total bandwidth of ∼3.0 eV in all of the magnetic
structures we have considered. Although the Sm 5d
states of an Sm2+ ion are expected to be empty due to
their large bandwidth in SmB6, these bands span across
EF and open a robust (immune to magnetic order) in-
verted hybridization gap at EF . Interestingly, we have
found that the band structures of the various magnetic
states of SmB6 are adiabatically connected to the NM
band structure [78]. Therefore, we only need to ana-
lyze the topology of the NM band structure. Accord-
ingly, we replot the NM band structure in Figs. 6 (a) and
(b), and compute the topological invariants Z2 = (υ0;
υ1υ2υ3), which are well defined for systems respecting

time-reversal and inversion symmetries [79]. The calcu-
lated parity eigenvalues for occupied bands are marked in
Figs. 6 (a) and (b), while the parity of the occupied man-
ifold at each time-reversal invariant momentum (TRIM)
point (δi with i=Γ, X, M , and R) is shown in Fig. 6
(c). The parity is seen to be inverted at the three X
points, leading to a TKI state with Z2 = (1; 111) in
agreement with the previously reported results [17, 18].
Note that the inverted parity of the occupied manifold
at the X points is preserved in all the magnetic configu-
rations [Fig. 6 (d)]. The TKI state is thus very robust in
SmB6, although the associated nontrivial surface states
will be sensitive to the details of various magnetic con-
figurations [80, 81].

FIG. 6. Topological state of SmB6. (a) Band structure for
the NM phase in the primitive (1 × 1 × 1) unit cell. Parity
eigenvalues of the occupied bands at the TRIM points are
marked. (b) A closeup view of bands along the Γ-X-M sym-
metry line in (a). (c) Parity (δi) of the occupied bands at the
eight TRIM points and the associated Z2 invariants. (d) A
schematic band structure which is representative of the vari-
ous magnetic configurations and the associated parity eigen-
values. The expected topological surface states are depicted
by dashed lines.

D. Why does SCAN work in f-electron systems?

SCAN [56] is a meta-generalized-gradient approxima-
tion (metaGGA) to the exchange-correlation (XC) en-
ergy functional. Note that DFT is a formally exact
theory for the ground state energy and electron den-
sity, although the XC component must be approximated
for practical calculations. SCAN has been shown to be
more accurate than the popular Perdew-Burke-Ernzerhof
(PBE) GGA [82] for a wide variety of materials [56, 83].
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SCAN has several advantages over PBE: (1) In addition
to the electron density and its gradient used in PBE,
SCAN also involves the kinetic energy density. This en-
ables SCAN to satisfy all 17 known exact constraints on
the XC energy that a metaGGA can satisfy [56]. The
11 exact constraints satisfied by PBE are a subset of the
17 exact constraints. (2) The kinetic energy density is
orbital dependent and thus a nonlocal functional of elec-
tron density. Therefore, SCAN is typically implemented
in the generalized Kohn-Sham (gKS) scheme, where the
effective potential is orbital dependent, rather than mul-
tiplicative as is the case in the KS scheme. It has been
proved that the gKS frontier orbitals have physical mean-
ings for solids and the associated band gap is a physically-
justified prediction of the experimentally-measured fun-
damental band gap [9, 84]. But, other orbitals remain
auxiliary in gKS. (3) SCAN has less SIE than PBE, which
is important for describing open-shell d-electron [9] and
f -electron compounds as discussed below.

Figs. 7 (a-d) compare the PBE and SCAN based DOSs
of SmB6 with the recent DFT+DMFT [51] and the ex-
perimental photoemission results [85]. SCAN clearly
captures split f -band peaks at the Fermi energy, -0.13
eV, and -1.0 eV in both the A-AFM and SQS-PM con-
figurations, in close agreement with the experimentally
observed peaks at the Fermi energy, -0.15 eV, and -
0.9 eV, respectively. This corroborates SCAN’s good
performance discussed in connection with Fig. 2 above.
SCAN’s predictions here are comparable to those of
DFT+DMFT. In contrast, PBE clusters all the f -states
toward the Fermi energy, with no states below -0.8
eV. Notably, SCAN predicts an additional strong peak
around -0.3 eV, where the experimental angle-integrated
spectrum (~v = 140 eV) shows a broad shoulder that
is barely seen in the DFT+DMFT result. We note
that SCAN predicts considerable DOS at the Fermi en-
ergy, in agreement with the experimental data, while
DFT+DMFT yields no states at the Fermi energy.

The improvement of SCAN over PBE discussed above,
see also Refs. [56, 83], reflects the power of satisfying
exact constraints in constructing XC functionals. We
emphasize that the improvement in SmB6 directly re-
sults from the SIE reduction in SCAN compared to the
PBE, as is the case also in transition-metal monoxides [9].
SIE results from the imperfect cancellation of the spuri-
ous classical Coulomb self-interaction by the approximate
XC functionals. Because the repulsive self-interaction
Coulomb energy exceeds the attractive self-XC energy,
the net SIE is generally positive. This causes orbitals to
be under bound with too high orbital energies and wave-
functions and electron densities to be excessively delocal-
ized. SCAN’s lower orbital energies than PBE’s in Figs. 7
(c) and (d) indicate clearly that the SIE is smaller in
SCAN compared to PBE. Figs. 7(e) plots the charge den-
sity difference between SCAN and PBE for the A-AFM
phase of SmB6 with a 2× 2× 2 supercell and shows that
SCAN localizes more electrons around the Sm atom than
PBE by depleting the interstitial electrons. Furthermore,

the SCAN electron density around the Sm atom is more
anisotropic than PBE’s, reflecting the electron localiza-
tion with respect to the spherical symmetry. The reduced
anisotropy of PBE is consistent with its f -orbital occu-
pation numbers being more fractional (Table S1), which
is another strong indication of the presence of a larger
SIE and delocalization errors [86–88].

Involvement of the kinetic energy density in SCAN
likely does not contribute substantially to the improved
description of SmB6 in SCAN over PBE. This is because
the SCAN-L functional yields a DOS for occupied or-
bitals which is similar to SCAN (Fig. S5), even though
SCAN-L de-orbitalizes SCAN by replacing its kinetic-
energy-density dependence with an electron-Laplacian
dependence [89]. SCAN-L is generally more computa-
tionally efficient than SCAN, but it violates some exact
constraints satisfied by SCAN.

The SCAN-based DOS of the NM state has been shown
in Fig. 2 (c), where the f -states are clustered towards
the Fermi energy more than in PBE A-AFM and SQS-
PM with no states below -0.6 eV and are in poor agree-
ment with experimental results. These results again
point to the key role of magnetic moments in open-shell
f -electron compounds, and highlight the importance of
spin-symmetry-breaking DFT solutions in correlated sys-
tems [90]. Similar behavior is seen in bulk band struc-
tures of other rare-earth hexaborides RB6 (R = Ce, Pr,
Nd, Sm, Eu, Gd, Dy and Ho) with FM and NM configu-
rations using SCAN and PBE, see Supplementary Figs.
S6 and S7. We note that there have been studies, which
show that SCAN overestimates the magnetic moments of
bulk transition metals (e.g., bcc Fe) [91] where valence s
and d electrons are itinerant. This, however, would not
be a concern here since magnetism arises from localized
electrons.

We emphasize that most DFT orbitals are auxiliary
quantities, with no established formal connection with
the physically relevant quasi-particle excitations in ma-
terials. The DFT orbitals, however, seemingly capture
some underlying physics when an accurate XC functional
is used with small SIE and the spin symmetry is al-
lowed to break. In any event, we would expect improved
DFT orbitals to provide a better starting point for be-
yond DFT calculations, including DFT+DMFT and the
many-body perturbation methods.

IV. SUMMARY AND CONCLUSIONS

We have systematically examined the electronic and
magnetic structures of SmB6 using the SCAN density
functional without invoking any free parameters such as
the Hubbard U . Many magnetic phases are found to lie
very closely in energy, indicating the propensity of SmB6

to harbor competing magnetic orders and spin fluctua-
tions. Our first-principles computations, which involve
full self-consistency in charge, spin and lattice degrees of
freedom, yield magnetic ground states with crystal-field



11

FIG. 7. Various theoretical DOS results for bulk SmB6 and the experimental photoemission data. (a) Angle-integrated
photoemission spectrum of SmB6 adapted from ref. [51] (b) k-integrated spectrum of SmB6 from DFT+DMFT adapted from
ref. [51] (c) SCAN and (d) PBE DOS for the A-AFM and SQS-PM phases of SmB6. (d) DOS of non-magnetic phase of SmB6

using SCAN. (e) Difference of electron density calculated by SCAN and PBE for the A-AFM phase with a 2 × 2 × 2 supercell.
The plane is perpendicular to the (001) direction and cuts through Sm atoms and the centers of B-B bonds between two Boron
octahedrons.

split f bands in substantial agreement with photoemis-
sion results [25, 27, 29, 85]. In contrast, the energetically
disfavored non-magnetic phase totally misses the crystal-
field driven f -band splittings. The specific heat is also
predicted to be in reasonable accord with the correspond-
ing measurements. The efficacy of SCAN in handling
SmB6 is shown to reflect the ability of SCAN to prop-
erly localize f electrons by reducing the SIE. Our analysis
also gives insight into the surprisingly large bandwidth of
Sm 5d states and their hybridization with 4f states and
supports the presence of a mixed-valence ground state
with Kondo physics in SmB6. Band inversion is shown
to occur at the X points irrespective of the magnetic con-
figuration, indicating the robustness of the TKI state in
SmB6.

We show that the predicted FS of the ground-state
magnetic phase yields bulk QO frequencies in substan-
tial accord with the corresponding experimental results
on SmB6. Although the anomalous QOs found in SmB6

have spurred great interest in searching for QOs in other
insulators [92–95], our analysis indicates that there is no
single major factor that is responsible for the insulating
behavior of SmB6, and that it arises through an interplay
that involves break-up of the d-electron FSs by f − d hy-
bridization and magnetic order, large f -electron effective
mass and its divergence caused by the proximity of a flat-
band Van Hove singularity, and the fluctuations induced
by competing magnetic phases, all of which conspire to
reduce the conductivity. The magnetic breakdown that

we predict should be amenable to experimental verifica-
tion through the field dependence of the QO amplitudes.
Should this breakdown destroy f − d hybridization and
restore the α FSs, it may turn SmB6 from an insulator
to a conventional metal. Such an effect has recently been
observed in YbB12 [95]. It would be interesting to as-
certain if the breakdown field is related to the 4 meV
activation energy reported in SmB6 [72].

In summary, our study shows that stabilizing local
magnetic moments is the key for resolving puzzling and
seemingly contradictory electronic properties of the pro-
totypical heavy-fermion compound SmB6. This result is
in line with similar earlier findings in transition metal
compounds [7–13]. Our work thus not only sheds new
light on the highly debated mysteries of SmB6, but it
also opens a new pathway for simulating compounds with
open f -shells more generally.
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