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Visualization of localized perturbations on a (001) surface of the ferromagnetic semimetal EuB6
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We performed scanning tunneling microscopy (STM) and spectroscopy on a (001) surface of the ferromagnetic
semimetal EuB6. Large-amplitude oscillations emanating from the elastic scattering of electrons by the
surface impurities are observed in topography and in differential conductance maps. Fourier transform of
the conductance maps embracing these regions indicate a holelike dispersion centered around the �̄ point of
the two-dimensional Brillouin zone. Using density functional theory slab calculations, we identify a spin-split
surface state, which stems from the dangling pz orbitals of the apical boron atom. Hybridization with bulk
electronic states leads to a resonance enhancement in certain regions around the �̄ point, contributing to the
remarkably strong real-space response around static point defects, which are observed in STM measurements.
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I. INTRODUCTION

Rare-earth hexaborides are not only technologically im-
portant as hot cathode materials owing to their low work
functions [1], but they also raise fundamental interest due
to their diverse and exotic properties. Albeit all rare-earth
hexaborides crystallize in the cubic CaB6 structure type, they
exhibit distinct electronic properties, in part due to different
f -shell electron occupation. While CeB6 exhibits a multipolar
order [2], YB6 displays superconductivity below about 7.2 K
[3]. EuB6 is a ferromagnetic semimetal for which the concept
of magnetic polarons was long discussed [4–7] as the under-
lying mechanism for its colossal magnetoresistance (CMR)
behavior. SmB6 was proposed to be the first topological
Kondo insulator [8,9] and has been intensively investigated
in the past decade.

EuB6 is ferromagnetic below the transition temperature
Tc2 = 12.6 K [10,11]. At slightly higher temperatures, a
metal-semimetal transition takes place, with a drastic drop
of the resistivity below Tc1 = 15.3 K in zero field [10–12].
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In presence of an external magnetic field, a large negative
magnetoresistance (MR) is found, which is strongest around
Tc1[11–13]. This CMR is related to a percolation-type tran-
sition resulting from the overlap of magnetic polarons, which
causes a delocalization of the hole carriers [5,11,13] (see, e.g.,
Ref. [14] for a brief review). Existence of such polarons above
Tc1 was also confirmed by several spectroscopic techniques
[12,15,16], including scanning tunneling spectroscopy (STS)
[7], which visualized nanoscale clusters of enhanced local
conductance even above Tc1.

EuB6 is considered a semimetal with only a small overlap
of valence and conduction bands centered at the X point
of the cubic Brillouin zone [17]. Quantum oscillation data
were interpreted in this framework of X -point band overlap
[18,19]. This interpretation was contested based on the re-
sults of angle-resolved photoemission spectroscopy (ARPES)
measurements, which indicated an X -point band gap of 1 eV
(i.e., no overlap between the valence and the conduction
bands) with the bulk Fermi level (εF ) near the bottom of
the conduction band [20,21]. In addition, band structure cal-
culations in the ferromagnetic state predicted EuB6 to be a
half-metallic semimetal with complete spin polarization at
EF [22,23]. Andreev reflection spectroscopy [24], however,
indicated that only the valence band is spin polarized. Fur-
ther, (001) surfaces of hexaborides are polar. This polarity is
expected to render various types of surface reconstructions
as witnessed in the scanning tunneling microscopy (STM)
measurements on SmB6 (001) surfaces [25–32]. In EuB6, the
formation of a two-dimensional (2D) electron gas confined to
the surface was first reported by Denlinger et al. [21,33] from
the observation of temporal changes in the ARPES spectra.
These experiments indicated that the position of the chemical
potential can vary with cleave, surface location, and time [21].
Here, using STM, we visualize a formation of rings due to
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localized perturbations caused by defects on the (001) surface
of EuB6. From our combined study of STM/S and density
functional theory (DFT) calculations, we show that the rings
are formed due to the screening of the impurities by a holelike
bulk band, and its strength is enhanced where the electronlike
surface state dispersion crosses into the surface-projected bulk
states.

II. EXPERIMENT

The single crystals of EuB6 were grown using the Al flux
method [34]. The samples were cleaved along the [001] direc-
tion in situ in the UHV chamber at a temperature of ≈20 K.
The STM measurements were performed in the temperature
range of 0.35–100 K. To address the surface-electronic struc-
ture of EuB6 we performed DFT calculations considering
spin-split bands for periodic supercells in the forms of slabs
terminating on both surfaces in B6 octahedra, in concert with
our experiments reported below. The calculations have been
done with the full-potential local orbital (FPLO) approach
[35] and using the generalized-gradient approximation (GGA)
as the exchange-correlation functional [36].

III. RESULTS AND DISCUSSION

In Figs. 1(a) and 1(b), topographic images of atomically
resolved, clean, and nonreconstructed (001) surfaces of EuB6

on areas of 10 × 10 nm2 and 5 × 5 nm2 are presented. The
height scans along the lines shown in the topography are
plotted in Figs. 1(c) and 1(d). The scan along [100] direction
in Fig. 1(a) shows atoms placed at a distance of ≈4.18 Å,
which is in agreement with the lattice parameter a ≈ 4.183 Å
of EuB6 [37]. No additional corrugations are visible along
[110] direction in Fig. 1(a). However, a height scan along
[110] direction, cyan line in Fig. 1(b), exhibits corrugations at
a distance of a/

√
2. Similar topographies observed in SmB6

[27,28] were assigned to B- and Sm-terminated surfaces,
respectively. With this assignment, the corrugations observed
at a distance of a/

√
2 in the height scan along [110] direction

likely correspond to the apical B atoms of the B6 octahe-
dra one layer below, and in between, the Eu atoms of the
surface layer as seen in the crystal structure of EuB6, inset
of Fig. 1(b). Based on the same argument, we conclude that
the topography in Fig. 1(a) is consistent with B termination
and that in Fig. 1(b) with Eu termination. However, the latter
type of topographies were rarely observed [38]. Surprisingly,
a topography encompassing an impurity on a B-terminated
surface was found to be drastically different, as can be seen
in topography Fig. 1(e). This image shows a circular wave of
large amplitude, caused by the localized perturbation caused
by the impurity potential. The tip displacements along the
lines in Fig. 1(e) are presented in Fig. 1(f). Here, the tip
displacement is a result of actual height changes and, more
importantly, changes in the local density of states (DOS).
From these height scans, the wavelength λ of the oscillations
are found to be ≈16.8 Å at a bias voltage V = −0.2 V.
The rings were also observed for positive bias voltages, but
their amplitudes were found to be rather weak, see Appendix,
Fig. 6. We traced the oscillations up to 80 K (see Appendix,
Fig. 7). As can be seen from Fig. 7, the oscillations are

FIG. 1. Topographies of EuB6 taken at T = 6 K on clean areas
showing atomic resolution of (a) B-terminated surface on an area
of 10 × 10 nm2 (b) Eu-terminated surface on an area of 5 × 5 nm2.
The topographies were taken with a bias voltage V = +0.2 V and
set-point current Isp = 500 pA. Inset: Crystal structure of EuB6.
(c)–(d) Height profiles along the red, cyan, and pink lines in (a) and
(b). (e) Topography on an area of 8 × 8 nm2 around an impurity with
V = −0.2 V and Isp = 500 pA. The conductance maps g(V, �r) =
dI (V, �r)/dV on this topography is presented in Fig. 3. (f) Tip
displacement (tdis) profiles along the lines 1, 2, and 3 in (e). The scans
along the lines 1 and 2 are shifted up by +100 pm and +50 pm for
clarity.

unaffected by the two phase transitions at Tc1 and Tc2, below
which the resistivity drops more than an order of magnitude.

One of the mechanisms that can produce similar effects
observed here is a tip-induced band bending (TIBB). It occurs
in materials with low charge carriers as EuB6, in which the
applied electric field can penetrate into the sample due to poor
electric screening. These effects have been well investigated
in semiconductors [39–41], lightly doped Mott insulators
[42,43], and topological insulators [44]. In these materials,
the individual impurity can be charged by the bias voltage of
the STM tip thereby increasing the local DOS available for
tunneling. This effect produces charge compensation rings,
or bubbles, around the impurities. The charge carrier con-
centrations n in EuB6 estimated from quantum oscillation
experiments were found to be 1.2 × 1020 cm−3 for electrons
and 1.01 × 1020 cm−3 for holes, after considering spin polar-
ization effects [19,24]. This value of n is about three orders of
magnitude lower than that in copper and about three orders of
magnitude higher than that in the classical semimetal bismuth.
Therefore, we checked for TIBB effects in our sample. The
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FIG. 2. (a) A topography on an area of 15 nm × 15 nm con-
taining several impurities. The image was taken with a bias voltage
V = −0.2 V and a tunneling current Isp = 50 pA. (b)–(f) dI/dV
maps on the area shown in (a) at different bias voltages indicated
in the images. The bright region represent enhanced conductance
caused by the screening effect. The arrows point at a region of
overlap of two rings produced by different impurity centers. Lower
conductance of this region suggests a destructive interference.

TIBB depends on the STM tip-sample distance d: the smaller
the distance, the larger the effect [43,45]. Since the tunneling
current falls off exponentially with respect to d , we varied
d by changing the set point of the tunneling current (Isp) by
an order of magnitude and did not see any difference in the
size of the rings (see Appendix, Figs. 8 and 9). This suggests
that any TIBB effect, if present, is minimal in our samples.
Further, the effect observed here is not due to a simple
enhancement of the local DOS, rather due to a collective
wavelike scattering phenomenon, which is further evidenced
in Fig. 2, as described below.

In Fig. 2(a), a topographic image of an area of 15 nm ×
15 nm containing multiple impurities is presented. It can be
seen that each impurity center produces its own scattering
ring. In Figs. 2(b)–2(f), dI/dV maps on the same area for
different bias voltages are displayed. With increasing V from
−0.2 V to −0.066 V, the size of the ring increases, which
suggests a holelike dispersion of the underlying band structure
in this energy range (see also below). Moreover, as the rings
grow in size, they interfere with each other and produce a
region of destructive interference; one example is marked by
an arrow in Figs. 2(b)–2(f). If the formation of the rings was
solely due to the enhancement of local DOS produced by
TIBB, then, when two rings meet, an enhancement of the
intensity is expected. The destructive interference observed
here confirms that the rings are indeed caused by wavelike
phenomena.

To directly probe the dispersion of the band causing the
oscillation, we have performed dI/dV maps on a topographic
area containing a single impurity, shown in Fig. 1(e) in the
bias voltage range −0.2 V to +0.2 V in intervals of 2 mV. The
dI (V )/dV curves typically observed on this kind of surfaces
are presented in Appendix, Fig. 10(b). In Fig. 3(a), dI/dV
maps for selected bias voltages are displayed. The size of
the rings remains the same up to V ≈ − 144 mV, but begins
to increase in the range −144 mV to −68 mV indicating a

FIG. 3. (Left) dI/dV maps on a surface area of 8 × 8 nm2

displaying the scattering produced by a single impurity and (right)
corresponding Fourier transforms. The maps were taken at different
bias voltages as shown in the figure. The measurements were per-
formed at T = 6 K.

holelike dispersion, as mentioned earlier. The rings were not
discernible in the dI/dV maps for V � − 68 mV, indicating
that the top of the hole band probed here is about ≈68 meV
below the Fermi level. Further, we were also not able to
resolve the rings in the dI/dV maps for the positive bias
voltages, although rings with comparatively weak amplitude
were found in the topography. A similar behavior was found
in Si-doped GaAs [46]. To obtain the band dispersion, we
performed the Fourier transforms of the dI/dV maps, see
Fig. 3(b). The four bright spots close to the sides’ center
correspond to Bragg peaks at (±2π/a, 0), (0,±2π/a), one of
them is marked in Fig. 3(b). From these maps, we obtained the
band dispersion as a function of q. From the relation �q = 2�k,
the �k dependence of the band is obtained, see Fig. 4.

The electronic surface structure of hexaborides has been
investigated earlier by calculations [47–50]. In order to assign
the oscillations on B-terminated surfaces to a particular band,
we performed DFT calculations for EuB6 by considering spin-
split bands for periodic supercells in the form of slabs termi-
nating on both surfaces in B6 octahedra, Fig. 5(a). The 4 f
electrons of Eu2+ are included in a fully polarized (S = 7/2,
L = 0) open core. This removes its half-filled 4 f shell from
the εF , but enables hybridization of 4 f and 5d states on Eu
and spin splitting of valence band states of B [51]. A surface
state appears as an extra electronic band with width of about
0.3 eV close to εF , as seen from the DOS, Fig. 5(b). This band
is mainly formed from contributions of the 2pz orbital at the
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FIG. 4. E vs. �k for the surface state plotted along X̄-�̄-X̄ direction
of the cubic Brillouin zone. The error bars represent the image
resolution (pixel size) in Fig. 3(b).

apical first boron layer B(1), but it has weights also from 2pz

orbitals down to the fourth boron layer B(4) and from 2s states
within these first four boron layers at the surface. Remarkably,
the band is spin split by �s � 0.6 eV. Figure 5(c) gives an
overview of the band structure demonstrating the dispersion
of the surface state in the Brillouin zone (BZ) of the 2D
periodic slab. As can be seen from the Appendix, Fig. 11,
the surface state hybridizes with the bulk electronic structure,
particularly around the �̄ point, which leads to a continuum of
extended states with resonant enhancement near the surface.
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FIG. 5. (a) Unit supercell of a slab with B6 termination on both
surfaces, EuN B(N+1)6, here with N = 8, employed as model for the
electronic surface structure. The first four boron layers are marked
at the top, B(i), i = 1, . . . , 4. (b) Comparison of electronic density of
states (DOS) between bulk electronic states and a N = 14 slab. Spin
majority/minority DOS are shown on upper/lower ordinate. Also
shown, projected partial DOSs for B(1) to B(4). (c) and (d) Spin-split
band structure as projection on the two-dimensional BZ for the
xy-periodic square lattice of the (001) surface. Majority (minority)
spin bands are shown by solid red (dashed blue) lines, the surface
spin-majority state by a thicker green line. In (d) the diamonds depict
the dispersion of the experiment, from Fig. 4.

In the slab calculations, this continuum of resonant states is
represented by a dense set of electronic bands, see cut from �̄

to X̄ in Figs. 5(c) and 5(d). The corresponding electronic states
consist of mixed contributions from orbitals in the interior of
the slab and from the terminating B6 octahedra. These surface-
enhanced resonant states are expected to contribute the major
part of the electronic screening cloud around point defects at
the surface. We note that the calculations indicate a negligible
angular dependence of the dispersion of the projected bulk
bands, in line with the observed isotropic shape of the rings.
The experimental dispersion of the states contributing to the
oscillations is included in Fig. 5(d). These electronic states
correspond to an energy and wave-vector range along �̄-X̄,
which is close to the region where the proper surface state
hybridizes with the continuum of bulk states.

Thus, the oscillations seen in experiment are related to
surface-enhanced bulk occupied states, which are resonantly
hybridized with the surface state. This could be also the
reason why we only see weak oscillations for the positive bias
voltages, at which unoccupied states are probed. The good
match between the surface energy level, the location of bulk
continuum of enhanced states and the experimental dispersion
may be fortuitous. Its exact location and the dispersion of
these resonances in the band structure are determined by
details like relaxation of the surface structure (not considered
in our calculation) and the band filling of the surface states,
which depend on impurity concentration and even the size of
the B6-terminated domains. However, from our calculations
we see that the spin splitting is necessary to push down the
majority spin-surface state sufficiently to gain appreciable
filling of this band and give rise to resonant electronic states at
about 0.1 eV below εF . For the surface states, owing to its 2D
nature, the DOS at εF is large and can drive the spin splitting
by the Stoner mechanism for itinerant ferromagnetism. The
spin-majority band is pushed down in energy and acquires
a fractional filling. Using Stoner theory, a Curie temperature
for magnetic long-range order would be T s

C ∼ �s = 0.6 eV
� 300 K. Naturally, long-period fluctuations are expected to
impede ferromagnetic long-range order at the surface. But,
the size of �s suggests that the electronic structure locally
remains in a spin-split state towards higher temperature,
similarly to any itinerant metallic paramagnet. Moreover in
EuB6, the exchange field provided by the spin-polarized Eu
5d orbitals and the anisotropy stemming from the polar nature
of the surface could defeat the prohibition of 2D ordering by
the Mermin-Wagner theorem. These observations suggest that
the electronic structure at the surface is effectively spin split
up to large temperatures.

IV. CONCLUSIONS

In conclusion, using STM/S, we have shown localized
perturbations caused by impurities on the (001) surface of
EuB6. From the Fourier analysis of scattering produced by
a single surface impurity, we detected a band with a holelike
dispersion, lying ≈68 meV below the Fermi level. Using DFT
slab calculations, we show the presence of a spin-split surface
state band hybridizing with the bulk states close to the �̄ point.
The large amplitude oscillations are attributed to the electronic
screening effect in the holelike bulk states and its strength
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is enhanced where the electronlike surface state dispersion
crosses into or in resonance with the those surface-projected
bulk states.
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APPENDIX

In Fig. 6, topographic images of the same area obtained in
a dual bias mode are presented. In this mode, the bias voltage
can be switched between different values for forward and
backward scanning. For the image in Fig. 6(a), a negative volt-
age V = −0.2 V and Fig. 6(b), and a positive V = +0.2 V
was used. Hence, a spatial information about the unoccupied
and occupied states can be obtained for the same area of the
topography. In Fig. 6(c), the tip-displacement scans along the
red and blue lines in Figs. 6(a) and 6(b) are plotted. Although
the value of the height of the impurity in Fig. 6(b) appears to
be higher, the waves emanating from the impurity site have

FIG. 6. (a) STM topographies on a same area around an impurity
taken on an area of 10 × 10 nm2 with a tunneling current Isp =
500 pA in a dual bias mode with bias voltages of (a) V = −0.2 V and
(b) +0.2 V, respectively. (c) Tip displacement (tdis) profiles along the
red and blue lines in (a) and (b), respectively.

FIG. 7. (a)–(d) STM topographies of EuB6 taken at different
temperatures ranging from 6–80 K on a surface area of 60 × 60 nm2.
The images at 6 K and 20 K were taken nearly on the same area. The
bias voltage and the tunneling current were set at V = −0.2 V and
Isp = 500 pA, respectively, for all four images. (e) and (f) A zoom-in
of an area of 10 × 10 nm2 around an impurity in (d), pointed by a
red arrow. The topographies were taken in a dual bias mode with
V = +0.2 V (e) and −0.2 V (f). Isp = 500 pA.

lower amplitude when compared to those in Fig. 6(a), i.e.,
the rings appear weaker in the unoccupied part of the band
structure.

In Fig. 7(a)–7(d) we present topographies on an area of
60 × 60 nm2 of a B-terminated surface containing several
impurity sites taken at different temperatures. The images at
T = 6 K and 20 K are below and above the temperatures
of the phase transition, respectively. The topographies taken
at these temperatures are nearly on the same location and
they do not display any difference. We measured topographies
at several temperatures up to 80 K and observed rings, see
Fig. 7(e) and 7(f) for high-resolution topographies taken at
80 K in dual bias mode. This result implies that the oscilla-
tions are unaffected by the two phase transitions at Tc1 and
Tc2, below which the resistivity drops more than an order
of magnitude. The ferromagnetic ordering mainly affects the
band structure at the X point and is believed to be responsible
for the polaronic behavior [7]. Our results indicate that effects
observed here are unrelated to the X -point band structure.
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FIG. 8. STM topographies of EuB6 (top and middle row) taken on a surface area of 10 × 10 nm2 at different tunneling currents, Isp. The
bias voltage V = +0.2 V. In the graph (bottom) tip displacement (tdis) profiles along the lines in the topographies are shown. Note that, for
a given Isp, same color is used for the lines in the topography and line profiles in the graph. The small corrugations of about 20 pm in height
reflect the lattice constant a = 4.18 Å.

Indeed, we show in the main text, using density functional
theory (DFT) calculations that the oscillations observed here
are arising due to the hybridization of the holelike bulk band
lying about 68 meV below the Fermi level with the surface
state close to the � point.

In Figs. 8 and 9, we present topographic images on two
different areas (and likely different types of impurities) taken
at different current set points, Isp. The bottom panel of Fig. 8
shows the line profiles along the lines drawn on the topogra-
phies in the same figure. From these line profiles, it is apparent

FIG. 9. STM topographies of EuB6 taken on a surface area of 15 × 15 nm2 with a buried impurity at different tunneling currents. The bias
voltage V = −0.2 V.
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FIG. 10. (a) Conductance map g(V, �r) = dI (V, �r)/dV at V =
−100 mV taken on the topography shown in Fig. 6. (b) dI (V )/dV
spectra averaged within the areas marked by the same color in (a).
The arrow indicates the value of bias voltage at which g(V, �r) in
(a) is mapped.

that the sizes of the rings were found to be independent of
Isp, even if the latter is varied by an order of magnitude. As
mentioned in the main text, since the tunneling current falls
off exponentially with respect to the tip-sample distance d ,
any tip-induced band bending effects (TIBB) should affect
the size of the rings when Isp is varied over a large range.
These results suggest that TIBB is minimal in our samples.
It is worthwhile to note here that in the case of the topological
Kondo insulator SmB6, it has been concluded that the TIBB
is insignificant [31].

We also performed local conductance maps g(V, �r) =
dI (V, �r)/dV in the bias voltage range −0.175 to +0.175 mV
on the same area of topography shown in Fig. 6. As an exam-
ple, a conductance map g(V, �r) at V = −100 mV is displayed
in Fig. 10(a). As in the topography, a modulation was also
observed in the spectroscopic map, which corresponds to an
oscillation in the charge density around the impurity atom.
The dI/dV curves averaged over selected areas in Fig. 10(a)
are plotted in Fig. 10(b). These spectra are specific to the
particular surface shown in Fig. 6 and are markedly different
from those reported in Ref. [7] for bulk EuB6. This implies
that, in the present case, the tunneling matrix element is more
sensitive to the � point, where the system has a gap as can be
seen in the bulk band structure [17].

In Fig. 11, we present details of the band structure near the
Fermi edge for a slab (N = 12) with B6 termination on both
sides, mainly to show the effects of hybridization described
in the main text. Here the individual bands are singled out
by different colors. The surface electronic state is composed
of various individual bands, which are represented in the
band dispersion by piecewise contributions of bands (apart
of the double degeneracy for the top and bottom surface
contribution). These complicated band-structure features of
a finite slab reflect the fact that the surface electronic state
is hybridized with extended bulk electronic states, when
their energy dispersions match. This hybridization leads to
resonances in the region where the bulk states are densely
spaced around �̄ and near X̄, the underlying electronic bands
then correspond to states, which are extended throughout the
whole slab but with increased weight of the wave function
near the surface. In the slab calculation, the continuum of the
surface-projected bulk bands in resonance with the surface
state is represented by a small countable set of such bands,
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FIG. 11. Band structure details for Eu12B(12+1)6 slab with B6

termination on both surfaces. The individual bands near the Fermi
energy εF = 0 are plotted with different colors. The surface state
is composed of piecewise contributions from various bands and
also doubly degenerate from the contribution of top and bottom
surface. (a) shows the cut for the surface Brillouin zone from �̄ to
X̄. (b) shows the details around �̄.

as shown in the magnification Fig. 11(b). These bands do
not cross, but repel each other and form small minigaps. The
hybridized electronic states in this region around �̄ represent
surface-enhanced resonances of extended states.

Up to now, we presented details of localized perturbations
on a (001) surface of EuB6 with B termination. A question
naturally arises whether such effects occur also on the (001)
surface with Eu termination. Experimentally, we rarely ob-
served Eu-terminated surfaces (i.e., only a few patches on
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FIG. 12. The (001) surface band structure of Eu-terminated sur-
face, [EuB6]9Eu or 1 × 1 × 10 supercell, calculated using GGA
open core.
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two different cleaves). This is in line with our experience in
the case of SmB6 where the observation of Sm-terminated
surfaces was similarly rare. A recent soft x-ray reflectometry
study on SmB6 has established that thorough a chemical
surface reconstruction, a boron termination is eventually es-
tablished, irrespective of the initial termination [38]. Simi-
lar chemical reconstructions may occur also in isostructural
EuB6. Nonetheless, we performed DFT calculations with the
same method as for B-terminated surfaces also for the Eu-

terminated ones (Fig. 12). Indeed, while there is a surface-
related state in the corresponding band structures of these
slabs, its location is much lower in energy, corresponding to
an almost filled surface state. Also, the spin splitting of this
surface is much smaller, in correspondence to the bulk states
of EuB6. Therefore, the screening charge cloud around point
defects in these surfaces is expected to behave very differently
due to the lack of empty states available for electron scattering
to take place.
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