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SmB6 is a candidate topological Kondo insulator that displays surface conduction at low temper-
atures. Here, we perform torque magnetization measurements as a means to detect de Haas-van
Alphen (dHvA) oscillations in SmB6 crystals grown by aluminum flux. We find that dHvA oscil-
lations occur in single crystals containing embedded aluminum, originating from the flux used to
synthesize SmB6. Measurements on a sample with multiple, unconnected aluminum inclusions show
that aluminum crystallizes in a preferred orientation within the SmB6 cubic lattice. The presence
of aluminum is confirmed through bulk susceptibility measurements, but does not show a signature
in transport measurements. We discuss the ramifications of our results.

Single crystalline SmB6 has been studied since the
1970s, but many mysteries still remain. SmB6 was ini-
tially viewed as a prototypical Kondo insulator, in which
incoherent scattering from f -electrons occurs at high
temperatures whereas an insulating gap—driven by the
hybridization between f states and d conduction bands—
opens at low temperatures [1]. Further, a puzzling re-
sistance saturation near 4 K was dismissed as arising
from in-gap impurity states [2], but theoretical models
recently suggested that SmB6 is a topological Kondo in-
sulator with conductive surface states and a robust bulk
gap [3, 4]. Thickness-dependent transport measurements
in crystals grown via aluminum flux have shown that
the resistance plateau is due to a metallic surface state
surrounding the insulating bulk [5, 6]. Recent inverted
Corbino measurements on the same crystals show that
the bulk of SmB6 displays a 10-order-of-magnitude in-
crease in resistance with decreasing temperature, indi-
cating that the bulk is truly insulating [7]. Nonetheless,
SmB6 grown by the floating-zone method was claimed to
host an exotic bulk Fermi surface (FS) in an insulating
state [8].

Direct evidence of the expected topological helical
structure of the surface states in SmB6, however, remains
elusive, and probes other than electrical transport are
imperative. Spin-dependent angle resolved photoemis-
sion spectroscopy (ARPES), which provides information
on the band dispersion near the FS, was an obvious first
choice. ARPES experiments in SmB6 have revealed in-
gap states [9–11], but issues with spin-resolved ARPES
resolution compared to the small hybridization gap have
made direct observation of spin-momentum locking in the
surface states challenging and controversial [11–13].

Further information about the FS can be obtained
through quantum oscillation measurements, via angular
dependent measurements of the extremal areas [14]. Al-
though quantum oscillations have not been observed in
the DC electrical resistivity of SmB6, two independent
reports have been made on de Haas-van Alphen oscil-
lations (dHvA, i.e., oscillations in the magnetization).

In the first report, dHvA oscillations in flux-grown crys-
tals were attributed to a two-dimensional (2D) FS arising
from the metallic surface state [15]. Contrary to claims
of a heavy effective mass observed in studies using ther-
mopower and scanning tunneling spectroscopy [16, 17],
the cyclotron mass extracted from these dHvA measure-
ments was found to be on the order of 0.1 me. Consid-
ering the high mobility and light mass, it is remarkable
that experimental evidence of oscillations has not been
found in transport measurements. Further, the origin of
the surface state was thought to be the hybridization be-
tween the conduction band and the heavy Sm f -electrons,
which also suggests a heavy surface state. In the sec-
ond report of quantum oscillations, the measured FS in
floating-zone-grown crystals was claimed to have three-
dimensional (3D) shape and to arise from the insulating
bulk states [8]. This result is also unexpected consider-
ing that quantum oscillations are traditionally observed
in clean, metallic systems. Due to these reports, nu-
merous theoretical explanations have been reported for
both the light electrons observed in the 2D FS [18], and
for the presence of oscillations arising from an insulating
state [19–28].

To shed light on this controversy, here we use torque
magnetometry [29] to measure quantum oscillations in
the magnetization of flux-grown SmB6 as a function of its
thickness. We find that flux-grown crystals only exhibit
dHvA oscillations when embedded aluminum is present.
The Al inclusions co-crystallize with the SmB6 host crys-
tal, with the [100] Al axis nearly aligned with the [100]
SmB6 axis. Angular dependence of our dHvA oscillations
is in good agreement with those reported previously for
single crystalline Al [30–32]. Interestingly, Al inclusions
in the bulk show no evidence for a superconducting tran-
sition in transport measurements.

For our investigation, we choose single crystals of
SmB6 grown using the aluminum flux technique [33].
The inset of Fig. 1a shows a typical flux-grown crystal
of SmB6 with dimensions 3 × 2 × 1 mm3. Aluminum
does not substitute into the hexaboride lattice, but larger
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FIG. 1: (a) Torque magnetization as a function of magnetic
field of a representative SmB6 single crystal (s5). To focus on
the oscillations, the value of the torque at 4 T was subtracted
from the data. The inset shows a picture of the as-grown
sample along with its cubic crystal structure. (b) A survey of
several SmB6 crystals that were checked for quantum oscil-
lations using torque magnetometry. Only samples s2 and s4
showed oscillations.

crystals often enclose Al pockets which can be mechan-
ically removed by polishing or chemically etched with
hydrochloric acid. We note that Al also crystallizes in a
cubic space group, Fm-3m (225), with a lattice param-
eter a = 4.05 Å that is only 2% smaller than that of
SmB6.

Quantum oscillations arise in many physical properties
of metallic materials under the condition that ωcτ > 1,
where ωc is the cyclotron frequency and τ is the electron
scattering time. Onsager showed that the oscillation pe-
riod in inverse field is proportional to the cross sectional
area of the FS [36]:
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For a 2D material, the FS is expected to have cylindrical
character. The oscillation frequency for a [001] rotation
axis should vary as 1/ cos(θ − φS), where θ is angle be-
tween [100] and the field and φS is the angle between a
surface normal and [100]. Because SmB6 crystals grow
with (100) and (110) facets, surface states on these facets
should have φS = 90n and φS = 45 + 90n degrees, re-
spectively, where n is an integer. In a 3D material, the
frequency will also diverge along any open orbits.

In an attempt to determine the nature of the quan-

tum oscillations in SmB6, torque magnetometry measure-
ments were performed on many flux-grown single crystals
either as-grown or polished. As shown in Fig. 1b, how-
ever, only a subset of SmB6 samples showed oscillatory
behavior in magnetization. These samples tended to have
larger thickness, but no correlation was observed with
surface condition (i.e., as-grown versus polished). The
lack of oscillations in some of the samples, despite hav-
ing similar surface facets and surface area, was the first
indication that the presence of oscillations may not be
intrinsic to the metallic surface state of SmB6 crystals.
As shown in the Supplemental Information, magnetore-
sistance at 50 mK was also measured in one of the sam-
ples that showed dHvA oscillations. After subtracting
a polynomial background, the frequency content of the
magnetoresistance was calculated. The lack of any clear
peak in the frequency spectrum shows that Shubnikov-
de Haas (SdH) oscillations are not detectable in fields
to 12 T, even at 50 mK [37]. This result is consistent
with a magnetoresistance study on SmB6 at tempera-
tures as low as 300 mK using special contact structures
to only measure the contribution from individual crystal
surfaces [39].

One of the crystals exhibiting dHvA oscillations (s5,
Fig. 1a) was polished to determine the origin of the quan-
tum oscillations. Only the bottom surface was polished,
and care was taken to keep the top surface shown in
Fig. 1a intact. After each polishing step, any exposed alu-
minum was etched away using hydrochloric acid. Polish-
ing was necessary between etching steps because only vis-
ible aluminum will be exposed to the etchant. As shown
in the left inset of Fig. 2a, three disconnected aluminum
inclusions appeared after polishing away the bottom por-
tion of the crystal. After further polishing, several more
unconnected inclusions were discovered, one of which is
shown in the middle inset of Fig. 2a. At the end, the
sample was polished to 230 microns and no Al inclusions
were apparent (Fig. 2a, right inset).

Fig. 2a shows the torque magnetization obtained in
the as-grown sample (m = 21.6 mg) compared to the
signal obtained after polishing away roughly half of the
sample (m = 11.3 mg). Remarkably, frequency analy-
sis shown in Fig. 2b revealed that the FFT amplitude
roughly scales with the mass of the sample and not the
sample area— consistent with oscillations arising from Al
inclusions that are distributed in the bulk of the crystal.
Moreover, well-defined peaks exhibiting clear angular de-
pendence are observed in the frequency spectrum, despite
the presence of multiple aluminum inclusions.

In contrast, the inset of Fig. 2b shows dHvA oscilla-
tions from a small piece of 5N aluminum used as flux
during the growth process. There are more than five
peaks in the 300–500 T range due to the fact that the
pellet is composed of many randomly oriented microcrys-
tals. Further, polycrystalline Al does not exhibit a clear
pattern in angle-dependent measurements [15]. Consid-
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FIG. 2: (a) Oscillatory torque versus inverse field for s5 at
several different polishing steps. The torque is scaled with the
mass of the sample (m0/m), and field is applied a few degrees
from [010]. After the last aluminum deposit is removed, the
oscillations vanish. The inset pictures show progressive pol-
ishing of sample s5, depicting a series of aluminum deposits
distributed throughout the sample. The initial (100) surface
was left undisturbed. (b) Frequency spectra of the oscillatory
torque shown above. The spectra are scaled by the mass of
the sample (m0/m). Inset shows frequency spectrum of poly-
crystalline Al flux. There is broad spectral weight between
300 and 500 T, in contrast to the oriented single-crystal alu-
minum in flux-grown SmB6.

ering the multitude of distinct aluminum inclusions in
this particular SmB6 crystal, the relatively sparse spec-
trum with well-defined angular dependence shows that
the inclusions are preferentially aligned along the same
crystallographic axis. The fact that embedded aluminum
inclusions co-crystallize with the SmB6 was also reported
in a study combining neutron diffraction, powder diffrac-
tion, and x-ray computed tomography [40].

To check that the sole source of the oscillations was
embedded aluminum deposits, the sample was polished
to a thin plate as shown in the right inset of Fig. 2a. As
shown in Fig. 2, there are no oscillations observed after
the final polish and etching step, even though the (100)
surface on the top of the sample has been left undis-
turbed. This confirms that the source of the observed
oscillations is the embedded Al deposits in SmB6.

Having established the origin of the dHvA sig-
nal in flux-grown SmB6, we now briefly turn to the
temperature- and angle-dependence of the oscillations.
The magnitude of the dHvA oscillations follows the tem-
perature dependence given by the Lifshitz-Kosevich for-

mula [14]:

RT = αTm∗/B sinh (αTm∗/B) (2)

A fit of the 288 T oscillation amplitude with field ap-
plied 45◦ from [100] gives an effective mass of 0.133 me

(see Supplemental, Sec. VI). This angle was chosen be-
cause it provides the largest separation of the oscillations
in frequency. The effective mass agrees with a previous
report on single-crystal aluminum that found a value of
0.130(4) me for field along the same direction [30].

Fig. 3c–d shows the angular dependence of the dHvA
oscillations in SmB6 as the crystal is rotated about the
[001] axis. The pockets with minimum frequency near
375 T were labeled α-pockets, whereas those with mini-
mum frequency near 290 T were labeled β-pockets. The
observed oscillation frequencies compare well with those
for single-crystal aluminum as reported by Larson et
al. [30, 41]. The authors measured single-crystal Al from
[010] to [110] rotating in the (100) plane and assigned four
pocket designations (γ1−4) for frequencies in the 200–
1000 T range. Because Al is four-fold symmetric in the
(100) plane, these designations are actually two pockets
that repeat every 90 degrees. γ1 and γ3 correspond to a
pocket with minimum oscillation near 285 T, and γ2 and
γ4 correspond to a pocket with minimum oscillation near
390 T. This remarkable similarity further confirms our
scenario that the [001] axis of the aluminum inclusions
in SmB6 is very nearly aligned with the SmB6 [001] axis.

The small difference at larger angles may be attributed
to the presence of small amounts of strain due to the
0.08 Å mismatch in lattice parameters between Al and
SmB6. Fits to the expected angular dependence of a
2D FS, F0/ cos(θ − φS), are also shown for comparison.
Lastly, the angular dependence was also measured after
etching the three aluminum deposits depicted in Fig. 2a
(left inset). Removing nearly half of the embedded alu-
minum had little effect on the angular dependence of the
observed oscillations (Fig. 3c–d, open symbols). Again,
this demonstrates that the Al inclusions are co-aligned.

Aluminum has a superconducting critical tempera-
ture of 1.17 K and a critical field of 105 Oersted [42].
Fig. 3a shows transport measurements performed on a
SmB6 crystal near the superconducting transition of Al.
Remarkably, no feature is visible in resistivity. Down
to 2 K, the bulk of flux-grown SmB6 is insulating as
shown recently by Y. S. Eo et al., which explains the
lack of SdH oscillations in SmB6 or transport evidence
of the superconducting transition from subsurface Al in-
clusions [7]. In contrast, subsurface aluminum can be
detected through bulk magnetization measurements. As
shown in Fig. 3b, the aluminum superconducting transi-
tion is visible in AC susceptibility measurements [43].

After these transport and susceptibility measurements,
the sample was polished to determine the proximity of
the Al inclusions to the surface. Subsurface Al deposits
became visible after only a few polishing laps, showing
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FIG. 3: (a) Resistance versus temperature in zero applied field for a SmB6 crystal with a subsurface aluminum inclusion.
(b) AC Susceptibility measurement of SmB6 crystal near zero field. (c) Angular dependence of the dHvA oscillation frequency
for the α pocket. (d) Angular dependence of the dHvA oscillation frequency for the β pocket. (e) Low temperature specific
heat reported in the literature for SmB6. Numbers in brackets indicate citation.

that the inclusion was separated from the surface by less
than 100 µm. Due to the highly insulating bulk in SmB6

at low temperatures, an aluminum inclusion that is shal-
lowly embedded within the bulk is completely isolated
from the metallic surface state. Thus, when screening
SmB6 samples for aluminum inclusions, resistance mea-
surements are insufficient.

Heat capacity is also an illuminating bulk thermo-
dynamic probe. Fig. 3e shows a comparison of low-
temperature heat capacity in SmB6 collected from several
studies reported in the literature. The first notable as-
pect is the great variation of the residual heat capacity of
both floating-zone and flux-grown samples. The lowest
heat capacity was seen in a sample grown with enriched
Sm and B [44], providing evidence that the broad fea-
ture centered near 1.5 K is caused by naturally occur-
ring impurities. The 0.65% Gd-doped sample reported
by Fuhrman et al., has the largest rise of any flux-grown
sample show in Fig. 3e, and higher values were observed
as the Gd impurities were increased [45]. Importantly,
recent scanning tunneling microscopy experiments in Gd-
doped SmB6 reveal that small amounts of Gd (< 3%) act
locally and do not percolate [46]. This explains why small
amounts of impurities affect heat capacity but not DC
electrical resistivity. Accordingly, we stress that there is
no relation between low-temperature heat capacity and
the presence of quantum oscillations in flux-grown sam-
ples. We found no quantum oscillations in the sample
with the lowest residual heat capacity (s6, see Supple-
mental, Sec. IV) after Al inclusions were removed. This
again attests that Al is the sole source of quantum oscil-
lations in flux-grown SmB6.

We also stress that the results reported here primarily
focus on flux-grown crystals. A more recent report on the

3D FS in floating-zone samples also includes data from
flux-grown samples with low-temperature heat capacity
similar to that reported by Wakeham et al. [47, 48], but
the angular dependence of the quantum oscillations in-
dicates that the samples used in the study also con-
tain embedded Al (see Supplemental, Sec. II). In con-
trast, floating-zone samples exhibiting quantum oscilla-
tions are known to have an anomalous increase in spe-
cific heat and oscillation amplitude at very low temper-
atures (T ≤ 1 K) [8, 47]. If this is an intrinsic prop-
erty of stoichiometric SmB6, its absence in flux-grown
samples must be understood. Many different theories
have been proposed for the origin of the quantum oscil-
lations in floating-zone samples [19–22, 25–27], but en-
lightened by our results, we deem important to discuss
the possibility that quantum oscillations could arise in
correlated narrow-gap materials in the presence of disor-
der [23, 24, 28].

Orendac et al. show that as the number of zone re-
finements is increased the residual heat capacity also
increases [44]. This is attributed to an increase in the
number of Sm vacancies, which are expected to be more
prevalent in floating-zone samples due to the refinement
temperature being higher than the boiling point of Sm.
A larger number of Sm vacancies in floating-zone sam-
ples has been also detected by Raman spectroscopy mea-
surements [49]. All floating-zone samples in which quan-
tum oscillations were observed, however, have strikingly
similar low-temperature heat capacity, with magnitudes
much lower than the triply refined sample reported by
Orendac et al. (dark green circles in Fig. 3e) [8, 44, 47].
This result suggests that Sm vacancies (i.e., point de-
fects) alone may not be the cause of quantum oscillations.
Nevertheless, we emphasize that floating-zone crystals



5

are grown at temperatures higher than 2000 ◦C which,
combined with the tendency of borides to form defects,
may cause other crystallographic imperfections such as
linear defects (e.g. dislocations) and planar defects (e.g.
grain boundaries and stacking faults). The possibility
that crystallographic defects in floating-zone SmB6 crys-
tals play a role similar to Al impurities in flux-grown
crystals is worth investigating.

In conclusion, we have shown that dHvA oscillations in
flux-grown SmB6 arise from subsurface aluminum inclu-
sions. The inclusions are nearly aligned with the SmB6

[001] crystal axis and provide quantum oscillations with
an effective mass of 0.1 me. After completely remov-
ing all aluminum inclusions, the dHvA oscillation signal
vanishes. Angular dependence shows that the orbits are
in good agreement with those of single crystalline Al in
previous reports [30, 32]. Our results demonstrate that,
when performing measurements on SmB6 crystals, it is
necessary to screen the samples for aluminum by using
a bulk technique capable of probing beyond the metal-
lic surface state. The absence of quantum oscillations in
flux-grown SmB6 imposes strong constraints to the un-
derstanding of quantum oscillation phenomena in Kondo
insulators.
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[46] L. Jiao, S. Rößler, D. Kasinathan, P. F. S. Rosa, C. Guo,

H. Yuan, C.-X. Liu, Z. Fisk, F. Steglich, and S. Wirth,
Science Advances 4, eaau4886 (2018), ISSN 2375-2548,
1811.01642, URL http://advances.sciencemag.org/

lookup/doi/10.1126/sciadv.aau4886.
[47] M. Hartstein, W. H. Toews, Y.-T. Hsu, B. Zeng, X. Chen,

M. C. Hatnean, Q. R. Zhang, S. Nakamura, A. S. Pad-
gett, G. Rodway-Gant, et al., Nature Physics 14, 166
(2018), ISSN 1745-2473, 1710.08366, URL http://www.

nature.com/doifinder/10.1038/nphys4295.
[48] N. Wakeham, P. F. S. Rosa, Y. Q. Wang, M. Kang,

Z. Fisk, F. Ronning, and J. D. Thompson, Physical Re-
view B 94, 035127 (2016), ISSN 2469-9950, URL https:

//link.aps.org/doi/10.1103/PhysRevB.94.035127.
[49] M. E. Valentine, S. Koohpayeh, W. A. Phelan, T. M.

McQueen, P. F. S. Rosa, Z. Fisk, and N. Drichko,
Physical Review B 94, 075102 (2016), ISSN 2469-9950,
1601.02694, URL https://link.aps.org/doi/10.1103/

PhysRevB.94.075102.

https://link.aps.org/doi/10.1103/PhysRevLett.115.146401
https://link.aps.org/doi/10.1103/PhysRevLett.115.146401
https://link.aps.org/doi/10.1103/PhysRevLett.116.046403
https://link.aps.org/doi/10.1103/PhysRevLett.116.046403
http://link.aps.org/doi/10.1103/PhysRevLett.119.057603
http://link.aps.org/doi/10.1103/PhysRevLett.119.057603
http://arxiv.org/abs/1802.03023
http://arxiv.org/abs/1802.03023
https://doi.org/10.1103/PhysRevLett.121.026602 https://link.aps.org/doi/10.1103/PhysRevLett.121.026602
https://doi.org/10.1103/PhysRevLett.121.026602 https://link.aps.org/doi/10.1103/PhysRevLett.121.026602
https://doi.org/10.1103/PhysRevLett.121.026602 https://link.aps.org/doi/10.1103/PhysRevLett.121.026602
http://dx.doi.org/10.1038/s41467-018-04163-2 http://www.nature.com/articles/s41467-018-04163-2
http://dx.doi.org/10.1038/s41467-018-04163-2 http://www.nature.com/articles/s41467-018-04163-2
http://dx.doi.org/10.1038/s41467-018-04163-2 http://www.nature.com/articles/s41467-018-04163-2
https://link.aps.org/doi/10.1103/PhysRevLett.116.046404
https://link.aps.org/doi/10.1103/PhysRevLett.116.046404
http://arxiv.org/abs/1507.03477
http://arxiv.org/abs/1507.03477
http://arxiv.org/abs/1807.00005
http://linkinghub.elsevier.com/retrieve/pii/0011227573900714
http://linkinghub.elsevier.com/retrieve/pii/0011227573900714
https://link.aps.org/doi/10.1103/PhysRev.156.703
https://link.aps.org/doi/10.1103/PhysRev.156.703
http://stacks.iop.org/0305-4608/8/i=4/a=014?key=crossref.d6d05618cbbb0ff3fcaef3698fdd6721
http://stacks.iop.org/0305-4608/8/i=4/a=014?key=crossref.d6d05618cbbb0ff3fcaef3698fdd6721
http://linkinghub.elsevier.com/retrieve/pii/0025540874901330
http://linkinghub.elsevier.com/retrieve/pii/0025540874901330
http://www.tandfonline.com/doi/abs/10.1080/14786440908521019
http://www.tandfonline.com/doi/abs/10.1080/14786440908521019
https://link.aps.org/doi/10.1103/PhysRev.169.541
https://link.aps.org/doi/10.1103/PhysRev.169.541
https://link.aps.org/doi/10.1103/PhysRevB.92.115110
https://link.aps.org/doi/10.1103/PhysRevB.92.115110
http://www.nature.com/articles/srep20860
http://www.nature.com/articles/srep20860
http://rsta.royalsocietypublishing.org/cgi/doi/10.1098/rsta.1957.0001
http://rsta.royalsocietypublishing.org/cgi/doi/10.1098/rsta.1957.0001
https://link.aps.org/doi/10.1103/PhysRev.138.A1428
https://link.aps.org/doi/10.1103/PhysRev.138.A1428
http://aip.scitation.org/doi/10.1063/1.1135314
http://aip.scitation.org/doi/10.1063/1.1135314
https://link.aps.org/doi/10.1103/PhysRevB.96.115101
https://link.aps.org/doi/10.1103/PhysRevB.96.115101
http://www.nature.com/articles/s41467-018-04007-z
http://www.nature.com/articles/s41467-018-04007-z
http://advances.sciencemag.org/lookup/doi/10.1126/sciadv.aau4886
http://advances.sciencemag.org/lookup/doi/10.1126/sciadv.aau4886
http://www.nature.com/doifinder/10.1038/nphys4295
http://www.nature.com/doifinder/10.1038/nphys4295
https://link.aps.org/doi/10.1103/PhysRevB.94.035127
https://link.aps.org/doi/10.1103/PhysRevB.94.035127
https://link.aps.org/doi/10.1103/PhysRevB.94.075102
https://link.aps.org/doi/10.1103/PhysRevB.94.075102

	Acknowledgments
	References

