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SPECIAL TOPIC — Topological semimetals

Electronic structure of correlated topological insulator candidate
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Angle-resolved photoemission spectroscopy (ARPES) and torque magnetometry (TM) measurements have been car-
ried out to study the electronic structures of a correlated topological insulator (TI) candidate YbB6. We observed clear
surface states on the [001] surface centered at the Γ̄ and M̄ points of the surface Brillouin zone. Interestingly, the fermiol-
ogy revealed by the quantum oscillation of TM measurements agrees excellently with ARPES measurements. Moreover,
the band structures we observed suggest that the band inversion in YbB6 happens between the Yb5d and B2p bands, instead
of the Yb5d and Yb4f bands as suggested by previous theoretical investigation, which will help settle the heavy debate
regarding the topological nature of samarium/ytterbium hexaborides.
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1. Introduction

Topological insulators (TIs) represent a new class of
materials intensively studied recently.[1,2] Up to date, most
research in the field has been focused on band insulators
with weak electron–electron interaction, such as typical V2–
VI3 (e.g., Bi2Te3, Bi2Se3, Sb2Te3) series[3,4] and III–V–
VI2 (TlBiTe2 and TlBiSe2) series[5,6] compounds, in which
the Dirac surface states stem as a result of the s–p band
inversion.[1,7] After these initial achievements, the search for
TIs in correlated electron systems[8] has attracted increasing
research attention, as correlated TIs not only provide a new
platform that bridges the topological non-trivial states and
other exotic phenomena in correlated materials (such as the
formation of the topological Mott insulator[9,10] and topologi-
cal crystalline insulator[11]), but also provide a test ground to
check the theoretical calculation, which has been mostly suc-
cessful in predicting the weakly interacting TIs.[1,2,7]

Recently, several rare-earth hexaboride compounds have
been predicted to be correlated TIs or topological Kondo
insulators (TKI), including SmB6 and YbB6.[12,13] How-
ever, despite the intensive experimental effects on SmB6

recently,[14–18] the symbolic Dirac fermions formed by the sur-
face state band (SSB) have not been well resolved in SmB6

as in previously discovered TIs.[1–8] In addition, although the
transport measurements show evidence of dominating surface
channels at low temperature, the fermiology extracted from
the quantum oscillation of the dHvA effect[19] does not match
the Fermi pockets observed by angle-resolved photoemission
spectroscopy (ARPES). The lack of SdH oscillation observa-
tion further makes the situation puzzling given the high quality
of the SmB6 samples.[20] Moreover, there have been heavy de-
bates about whether SmB6 is a TKI or trivial insulator. While
previous ARPES measurement suggested topological surface
states with helical spin structure, a recent ARPES study pro-
vided a topologically trivial explanation for the observed band
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structure of SmB6.[21]

Under this circumstance, YbB6 receives focused interest
recently. Although similar to SmB6, the electron correlation
in YbB6 is relatively weak,[22] it can serve as an ideal model
system to investigate the topologically non-trivial states in cor-
related electron system: on one hand, the interaction effect in
YbB6 is weaker than that in SmB6, thus the electronic struc-
ture can be understood relatively easily; on the other hand, the
interaction in YbB6 is already strong enough thus the previous
theoretical calculation[12] has shown obvious deviation from
the ARPES experimental observation. On the other hand, sim-
ilar to the situation in SmB6, there have been heavy debates
regarding the topological nature of YbB6.[22–25] It is thus nec-
essary to further study the electronic structure of this TKI can-
didate.

In this work, we studied the electronic structure of YbB6

by both ARPES and torque magnetometry (TM) methods. We
directly observed the SSB in YbB6. Interestingly, the fermiol-
ogy revealed by the quantum oscillation of TM measurements
shows excellent agreement with the ARPES results. More-
over, the band structure we observed suggests that the band
inversion in YbB6 happens between the Yb5d and B2p bands
— different from the previous calculation[12] that suggested an
inversion between the Yb5d and Yb4f bands. This difference
clearly shows the effect of strong electron–electron interac-
tion and the importance of experimental studies in correlated
TI materials. With the input from our experiments, we were
able to correct the previous theoretical calculation,[12] paving a
way to develop proper theoretical methods for exploring other
strongly correlated TI materials.

2. Experiment methods
2.1. Sample growth

High quality single crystals of YbB6 were grown by spon-
taneous nucleation technique from high temperature solutions,
using Al as the solvent. The starting materials are Yb, B, and
Al with a purity of 99.99%. The molar ratio of solute to sol-
vent is 1 : 10. The mixture was heated to 1500 ◦C and held
at this temperature for 24 h to homogenize the solution in an
argon atmosphere. After superheating, the melt was cooled
to 1450 ◦C quickly and then slowly to 700 ◦C. After this, the
melt was cooled to room temperature naturally. Single crys-
tals with sizes up to 4 mm×0.8 mm×0.4 mm were obtained
by dissolving the Al flux with hydrochloric acid.

2.2. ARPES measurements

ARPES measurements were performed at beamline
10.0.1 of Advanced Light Source (ALS) at Lawrence Berke-
ley National Laboratory and beamline 5.4 of Stanford Syn-

chrotron Radiation Lightsource (SSRL). Single crystal sam-
ples of YbB6 were cleaved in situ and flat shiny surfaces
could be obtained along the (001) plane. In both facilities,
the measurement pressure was kept better than 3×10−11 Torr,
and data were recorded by Scienta R4000 electron analyz-
ers at 5 K/15 K sample temperatures at SSRL/ALS. The to-
tal convolved energy and angle resolutions were 9/25 meV
and 0.2◦/0.2◦ at SSRL/ALS, respectively. The sample surface
was monitored continually by measuring the reference valence
spectra. All the spectra reported here were measured within 18
hours of cleavage.

2.3. Torque magnetometry

The magnetization measurements were carried out with a
home-built cantilever-based torque magnetometry apparatus at
University of Michigan as well as in the National High Mag-
netometry Laboratory. Cantilevers were made from thin brass
foils. We deposited a gold film on a sapphire chip and put it
under the cantilever. The torque was tracked by measuring the
capacitance between the cantilever and the gold film, using an
AH2700 A capacitance bridge. To calibrate the spring con-
stant of the cantilever, we rotated the cantilever setup under
zero magnetic field to measure the capacitance change caused
by the weight of the sample itself.[26]

3. Results and discussion
The crystal structure of YbB6 is shown in Fig. 1(a), where

Yb forms a cubic lattice with a B6-octahedron residing inside
each unit. The Brillouin zone (BZ) is illustrated in Fig. 1(b)
with high symmetry points labeled. The high quality of the
samples is illustrated by the Laue characterization [Fig. 1(c)]
and the powder x-ray diffraction [Fig. 1(d)]. Figure 1(e) illus-
trates the characteristic Yb5p and Yb4f core levels.

The Fermi surface (FS) map of YbB6 in Fig. 1(f) shows
two sets of distinct FS pockets at the Γ̄ and X̄ points, respec-
tively: a large circular hollow pocket (FS area ∼ 0.04 Å−2)
at Γ̄ and an elliptical hollow pocket (FS area ∼ 0.06 Å−2)
centered at X̄ , each enclosing a smaller filled disk-like pocket
inside. To check the nature of these FS pockets, we focus our
measurements on each pocket and perform the photon-energy
dependent ARPES measurements. In Fig. 1(g), the evolution
of the FS pockets at both Γ̄ and X̄ is illustrated, which shows
distinct behaviors of the outer hollow FS pockets and the inner
disk-like pockets – while the outer hollow pockets centered at
both Γ̄ and X̄ do not change their shape with photon energy,
the inner disk-like pockets change dramatically with photon
energy – indicating the 3-dimensional (3D) and 2-dimensional
(2D) nature of the inner disk-like feature and out hollow pock-
ets.
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Fig. 1. An overview of YbB6. (a) Crystal structure of YbB6. (b) The 3D and surface projected 2D Brillouin zones of YbB6, red and cyan dots
indicate the high-symmetry points. (c) and (d) Laue pattern and powder x-ray diffraction showing the high quality of the crystals. (e) Core level
photoemission spectrum showing the prominent 4f- and 5p-electron characteristic peaks of Yb. The inset in (f) shows a flat sample surface along
(001) direction. (f) Fermi surface of YbB6 in the first BZ obtained by integrating ARPES intensity in an energy window of 20 meV around EF. The
blue lines indicate the projected surface BZ. (g) Zoom-in plots of FS maps measured using different photon energies at both Γ̄ and X̄ .

This difference in the dimensionality of the FS pockets
can also be seen from the band dispersions. The band struc-
ture related to the FSs around Γ̄ is illustrated in Figs. 2(a)–
2(c), where the 3D electronic structure and the band disper-
sion along the X̄–Γ̄ –X̄ high symmetry direction are shown
in Figs. 2(a) and 2(b), respectively. Around Γ̄ , there are
sharp linear bands outside some fluffy bands, which can be
clearly resolved in the momentum distribution curves (MDCs)
in Fig. 2(c). This distinction between the dispersion sharp-
ness comes from the different dimensionality of the bands:
due to the kz broadening,[27] the 3D bands that have strong kz-
dispersion will smear up in the ARPES measurement, while
the 2D bands do not suffer from such broadening and remain
sharp. To further verify this, we show the broad range (40–
90 eV) photon energy dependent measurements in Fig. 2(d).
Indeed, the MDC peaks of the outer band form two straight
lines, indicating no kz-dispersion, or the 2D (surface) nature
of the outside band. On the other hand, the inner pocket shows

dramatic variation at different photon energies, confirming its
bulk nature. The similar measurements near the X̄ points
are shown in Figs. 2(e)–2(h) and the same conclusion can be
drawn that the outer band originates from the surface and the
inner one shows clearly the bulk character.

To examine the origin of the SSBs in YbB6, we com-
pare our observed band structure and the previous theoreti-
cal work,[12] and discover a couple of clear discrepancies. In
the previous ab initio calculation, the topological surface state
originated from the band inversion between Yb5d and Yb4f

as schematically illustrated in Fig. 3(a), thus the SSBs should
emerge at the inversion band gap between the Yb5d and Yb4f

bands and are very close to the flat 4f bands which were pre-
dicted to reside near the EF.[12] However, our measurements
in a broad energy range do not show the Yb5d band that hy-
bridizes with the flat Yb4f band. Actually, the SSBs near EF

are well separated from the Yb4f band that resides about 1 eV
below EF [Figs. 3(c) and 3(d))]. These discrepancies suggest
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that the previous calculation may not have accounted for the
electron correlation effect accurately and thus needs to be im-
proved. It is interesting to note that the electronic structure and
the origin of the surface state in SmB6 are in strike contrast to
those in YbB6, although they share a common crystal struc-

ture. In SmB6, the f orbital locates close to the Fermi level so
that it can hybridize with the dispersive d orbital to induce a
band inversion. The surface states emerge in the inverted band
gap between the f and d orbitals, consistent with the mecha-
nism shown in Fig. 3(a).
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Fig. 2. Electronic structure of YbB6 and identification of the surface states. (a) 3D illustration of the band structure of YbB6 around the Γ̄ point
measured with photon energy hν = 65 eV. (b) Photoemission intensity plot along X̄–Γ̄ –X̄ . The inset shows the direction of the cut. (c) Stacked
plot of MDCs from the cut in panel (b). (d) Photon energy dependence of MDCs at EF along X̄–Γ̄ –X̄ , confirming the weak kz dispersion
of the band around Γ̄ . (e) 3D illustration of the band structure of YbB6 around the X̄ point measured with photon energy hν = 40 eV. (f)
Photoemission intensity plots along Γ̄ –X̄–Γ̄ (left) and along M̄–X̄–M̄ (right). The insets show the direction of the cuts. (g) Stacked plot of
MDCs from the cut in the left panel of (f). (h) Photon energy dependence of MDCs at EF along Γ̄ –X̄–Γ̄ , confirming the weak kz dispersion of
the band around X̄ .
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Fig. 3. The origin of the surface states. (a) Schematic of the scenario proposed in Ref. [12], where the band inversion and inverted band gap
take place between the Yb4f and Yb5d bands. (b) Schematic of the scenario where the band inversion and inverted band gap take place between
the Yb5d and B2p bands. (c) Wide range photoemission intensity plot along X̄–Γ̄ –X̄ . Curves on top show the ab initio calculation results with
on-site Coulomb repulsion energy U = 8 eV. SSB: surface state band. (d) Zoom-in plots of ARPES spectra in the blue and orange rectangles
in panel (c).

To reproduce the experiment results, we carry out further
ab initio calculation, and find that with much increased on-site
Coulomb repulsion energy U (up to 8 eV) compared to the
previous study,[12] we are able to reproduce the experimental
results and get excellent match. The band inversion now oc-
curs between the B2p and Yb5d bands [Fig. 3(b)], instead of the
Yb5d and Yb4f bands [Fig. 3(a)] in the previous calculation.[12]

The much lowered Yb4f bands now agree well with the exper-
iments [Fig. 3(c)], and the overall band dispersions also match
better with the measurements. We note that a similar result
was reported in the same material, except that a much smaller
on-site Coulomb repulsion energy U about 4 eV was used.[24]

The experimentally observed bands and FSs are in good
consistency with our ab initio calculation – the schematic of

017304-4



Chin. Phys. B Vol. 29, No. 1 (2020) 017304

the calculated 3D FS is illustrated in Fig. 4(a) (top panel),
which consists of two cylindrical surface state FSs (red color)
centered at the Γ̄ and X̄ points and an elliptical FS pocket (yel-
low color) centered at each X point (at the face center of the
BZ). In the middle panel, we show the projection of the 3D FS
onto the kx–ky plane, which agrees excellently with the exper-
imental results (bottom panel).

Given the general discrepancy between the ARPES re-
sults and the transport measurements in another correlated
TI candidate SmB6, we would like to check if the fermi-
ology measured by quantum oscillation can be consistent
with ARPES in YbB6. We performed torque magnetome-
try measurements with the magnetic field close to the crys-
tal (001) axis.[26] The magnetic field tilt angle φ is about 0.5◦

[Fig. 4(b)]. The results are summarized in Fig. 4. The torque
measurements reveal clear quantum oscillation in magnetiza-
tion (the de Hass–van Alphen effect, or dHvA effect). Two
major frequencies are observed: Fα = 400 T and Fβ = 580 T
[Figs. 4(b)–4(d)]. These oscillations arise from the Landau
level quantization and the oscillation frequencies are related

to the FS area A via the Onsager relation F = Φ0
2π2 A, where

Φ0 = 2.07 · 10−15 T·m2 is the flux quantum. Thus the corre-
sponding FS volume is determined to be Aα = 3.8×10−2 Å−2

and Aβ = 5.5×10−2 Å−2. These values are in good agreement
with the surface state FS pockets around Γ̄ [AΓ̄ = (4.37 ±
0.5)× 10−2 Å−2] and X̄ [AX̄ = (6.41± 0.8)× 10−2 Å−2] ob-
served in the ARPES [see the dashed circle and oval in the
inset of Fig. 4(d)]. The slight FS area difference between the
dHvA and ARPES may result from their different measure-
ment conditions.

We note that figure 4(d) does not reveal the frequency cor-
responding to the smaller bulk FS (the inner pockets around
Γ̄ and X̄), this may be due to the smaller mobility of the
bulk electrons (as compared to the surface states). The much
smaller Fourier transform (FFT) peak amplitude of the β

pocket than that of the α pocket [Fig. 4(d)] may result from
the much larger scattering between the surface and bulk elec-
trons at the X̄ point. Indeed, as can be seen in the inset of
Fig. 4(d), the inner and outer FSs around the X̄ point overlap
much more than those around the Γ̄ point.
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We further explored the temperature dependence of the
dHvA oscillation amplitude. Figure 4(e) shows the oscillatory
torque signal at temperature up to 10 K in magnetic field up to
35 T. The overall oscillation amplitude decreases with increas-
ing temperature. It is described by the thermal damping fac-
tor in the Lifshitz–Kosovich (LK) formula RT = αT m∗

Bsinh(αT m∗/B) ,
where the carrier effective mass is m∗me, me is the bare elec-
tron mass, and α = 2π2kBme/e} = 14.69 T/K. Figure 4(f)
shows the normalized FFT amplitudes of the oscillating fre-

quencies and the fitting based on the RT factor of the LK
formula. The effective mass of pocket α is about 0.15me

and that of pocket β is about 0.27me. Based on the oscilla-
tion frequency and assuming the corresponding FS is of cir-
cular shape, we infer that the Fermi velocity of pocket α is
vα

F = 8.67 × 105 m/s = 5.71 eV·Å, and that of pocket β is
vβ

F = 5.69 × 105 m/s = 3.74 eV·Å, also showing excellent
agreement with the velocity data extracted from the ARPES
experiment (5.6 eV·Å or 8.5× 105 m/s for the α pocket and
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3.8 eV·Å or 5.76× 105 m/s for the β pocket along the X̄M̄
axis) through linear fitting of the EF vicinity electrons.

4. Conclusion
In summary, we have observed two sets of FSs by high

resolution ARPES measurements in YbB6 and acquired cor-
responding dHvA quantum oscillation for the surface part of
the Γ̄ pocket. Our ARPES results help to improve the theoreti-
cal understanding regarding the mechanism of the gap opening
of the inverted bulk bands and the origin of the surface states
in YbB6. Moreover, the discrepancy between the experiment
and the previous theoretical calculation not only shows the vi-
tal importance of the experimental effect in the field, but also
suggests that the theoretical calculation in correlated materials
must be carried out with much caution, unlike in the weakly
correlated TIs.
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