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Abstract:

The present article highlights two aspects at the intersection between Rashba physics
and topological matter. Topologically nontrivial matter has been in the focus for almost
two decades. It depends strongly on spin-orbit coupling but, in contrast to large parts of
modern solid state physics, strong electron correlation does not play a major role. In this
context, SmBs has been suggested as the first topological insulator driven by strong
electron correlation and the first topological Kondo insulator. We review the important
role of the Rashba splitting in determining that the observed surface states are not
topological. Moreover, we point out that the Rashba splitting of SmBs represents the

extreme case of a large splitting in momentum space at a small Rashba parameter.

After incredible hardships and hindrances which can be followed in his memories
along with unexpected twists and fortunate coincidences (1), Emmanuel Rashba succeeded in

1954 to join the semiconductor department of the Academy of Sciences in Kiev, which is also
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his birthplace. In 1959, he noted together with his student Sheika that spin-orbit interaction
creates a spin splitting and spin polarization in the presence of an electrical potential that
breaks inversion symmetry. They discovered that in the inversion asymmetric wurtzite
structure the spin splitting perpendicular to the ¢ axis is linear in wave vector k causing a ring
of extrema in the band dispersion E(k) (2), in contrast to the spin-orbit splitting cubic in k
described by Dresselhaus (3). Later on, the work has been extended to quasi two-dimensional
systems (4). The development of the scientific field established by these discoveries has been
documented in reviews and focus issues (5-7).
In recent years, a particular consequence of spin-orbit coupling has come into focus, namely
topologically nontrivial matter (8,9). Topological insulators are characterized by a non-trivial
symmetry-protected topological order characterized by Z» invariants which leads to symmetry
protected surface states. These surface states appear as Dirac cones with a unique helical spin
texture. The bulk band structure features an inverted energy gap in which the linear dispersion
of the surface states provides the surface metallicity. Key aspects were already proposed as
early as 1985 (10). The spin is locked to the linear momentum which leads in 2D topological
insulators to the quantum spin Hall (11) and the quantum anomalous Hall effect (12) where
backscattering is forbidden and conductance is quantized. For 3D topological insulators, the
presence of topological surface states can directly be verified by angle-resolved photoelectron
spectroscopy (ARPES) with and without spin resolution and the predictions from the Z»
invariants (vo; vi, v2, v3) be checked in this way. The strong topological insulator has an odd
number of Dirac cone surface states per surface Brillouin zone (vo = 1), distinguishing strong
topological materials from topologically weak or trivial materials (vo = 0).

There are several important aspects at the intersection between the Rashba effect and
topological insulators. First of all, spin-momentum locking leads to a spin texture that

Rashba-type surface states have in common with Dirac-type topological surface states (5,6)
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and can be verified by spin-resolved ARPES. Secondly, the topological insulator was at first
predicted for graphene under the presence of a sizeable intrinsic spin-orbit interaction (13).
The enhancement of a formally intrinsic spin-orbit interaction in a two-dimensional material
by external influence is possible but difficult to realize because the creation of a Rashba-type
spin-orbit interaction is also likely in this geometry (14). Intercalation of an atomic layer of
Au leads indeed to the observation of a giant Rashba splitting in the Dirac cone of graphene
(15). In the present article, we would like to address two additional important aspects both of
which have to do with the properties of SmBe. The first one concerns the controversial
question whether or not SmBs is the first strongly correlated topological insulator, and the
second one highlights the properties of surface states with 4f character.

Topological insulators are defined via their single-particle band structure and do not
depend on electron correlation, in contrast to effects such as unconventional
superconductivity, metal-to-insulator transitions, or the Kondo effect. In this context, it is also
worthwhile to note that topological insulators constitute an exotic phase of matter not
described by the concept of spontaneous symmetry breaking (16).

There are, however, interesting consequences of the interplay of topology and strong
correlation, for example in frustrated quantum magnetism (17,18). For a sodium iridate, a
correlated Z, phase has been predicted (19,20). Also, the concept of a topological Mott
insulator (21) has no analogue in band theory. These problems have been recently reviewed
(22,23). Another issue is the stability of topologically protected phases towards electron
correlation (22). It has been pointed out that strong electron correlation could increase the size
of the inverted band gap (24) and ensure centering the gap about the Fermi energy.

As of today, there is no established correlated topological insulator but the candidate
attracting most interest is the topological Kondo insulator (24,25). A Kondo insulator has a
small band gap due to the Kondo effect, i. e., the hybridization of itinerant conduction

electrons and localized f electrons. Dzero et al. realized that the odd parity of the f states
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together with the even parity of d states fulfills the precondition for band inversion and
ultimately a Z> topological insulator phase (25). After the initial prediction of topological
Kondo insulators and the finding that there are weak and strong topological insulator phases
depending on the energetic alignment of the f level (25), it was found that due to the cubic
symmetry of SmBe, a weak topological insulator phase characterized by an even number of
Dirac cones in the surface Brillouin zone does not exist leading to the prediction of a strong
topological insulator for SmBe (26). In calculations for the (100) surface of SmBs, three
independent theoretical approaches predicted an odd number of Dirac cone surface states per

surface Brillouin zone as required for a strong topological insulator (26-28), see Fig. 1.

Fig. 1. ARPES data of the Fermi surface of SmBs (100). Four Fermi surface ellipses
appear centered at the X point (two per surface Brillouin zone) and a surface state at the
center I" . Similar data were reported by most ARPES studies of SmBs. The present data were

taken at 70 eV photon energy.

Several ARPES studies reported surface states of SmBs. Neupane et al. (29) measured
Fermi surface contours with 7 eV laser excitation. The symmetrized data showed elliptical

contours around X and finite ARPES intensity at " . Frantzeskakis et al. (30) also measured
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contours at X and noted that the expected dispersion of a Dirac cone is not observed. They
interpreted the contours at X as showing a three-dimensional dispersion, different from most
other studies. Jiang et al. (31) measured at low temperature and also observed the X contours.
In addition, they show intensity at I" . They concluded that measurements with circularly
polarized light confirm the expected spin texture of the contours at X (31). A detailed
investigation of the X contours has been conducted by Denlinger et al. (32). Xu et al. (33)
measured spin-resolved photoemission of the Fermi surface contours at X. Their data
supported the expected spin texture. Another confirmation of the contour at X was published
by Min et al. (34). The data are consistent in their observation of the contour at X with the
exception that Neupane et al. (29) reported a different size of the contour and not all studies
report intensity at T" . In no case, a Dirac cone dispersion could be observed at I or at X.

We would like to discuss at first the surface state at T and prerequisite for this
discussion is the observation that cleaving of our SmBs crystals leads to two different
terminations (35). Interestigly, core-level spectra of B 1s and Sm 4f show that these are
chemically pure. Since the state at " appears differently for the two terminations, this allowed

us to observe the dispersion of the T state in detail for the first time (35).
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Fig. 2. ARPES study of the state at I" . All data show a Rashba splitting as sketched in
(g, h). Incuts (a, c, d, f) also the elliptical Fermi surface contour at X appears together with
the T state and together with an umklapp contour. A cut rotated by 45° (b, e) shows that the
Rashba split bands are not connected to the valence band which would still enable a
topological surface state in analogy to the case of the topological insulator Bi>Tes (i, j). The

photon energy is 31 eV.

For the termination by Sm atoms, the state shows the dispersion of a massive particle
(35). In principle, this could be a massive, i. e., gapped Dirac cone. However, for the
termination by B atoms, the state shows a Rashba splitting (35). This is shown in Fig. 2 where
the contour at X appears together with the I” state. The elliptical contours at X show an
umklapp contour around I" which is labeled in Fig. 2a. This umklapp contour makes it
difficult to judge whether there is a connection of the split surface state to the bulk valence
band as it occurs for example with the Dirac cone surface state of the topological insulator

Bi>Tes, see the sketch in Fig. 2i. For this reason, the measurement in Fig. 2b displays a
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different cut by 45° which does not show the background intensity from the umklapp contours
at X. There is no downward dispersion.

The consequence of this result is that it is not possible anymore to reach an odd
number of Dirac cones in the surface Brillouin zone. The contours shown in Fig. 1 show two
ellipses at X in the Brillouin zone, which is an even number. Hence, the observation of the
Rashba splitting alone shows that an odd number of Dirac cones cannot be obtained,

independently of whether or not these ellipses correspond to Dirac cones.
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Fig. 3. Dependence of the Rashba-split surface state of B-terminated SmBe on surface
contamination. Absorption of residual gas (a-e) and molecular oxygen (f-j) lead to a

decreasing photoemission intensity and disappearance of the surface state at I .

Figure 3 shows the behavior of the Rashba-split surface state with contamination. In
Fig. 3c, the sample is left for 15 h in the ultrahigh vacuum. The adsorption of residual gas
leads to a diminished surface-state intensity. In Fig. 3f-j the experiment is repeated with
controlled adsorption of 0.75 L oxygen. As a consequence, the surface state has completely

disappeared because it has shifted above the Fermi level as Fig. 3j shows.
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The Rashba splitting means that the surface states do not support a topological
insulator assignment of SmBs. Moreover, the sensitivity to contamination show that the
surface state is not protected. These two observations independently indicate that the surface
state at " is trivial. Since the surface state has previously been used to confirm the nontrivial
topology of SmBe, the result means that ARPES data give no support for SmBs as topological
insulator (35). Since the cubic symmetry prohibits a weak topological insulator phase (26), the
absence of the Dirac cone at I would directly make SmBs a trivial insulator. It is important to
note that the present ARPES results are consistent with those of the literature. Also, in view of
the present results, the fact that the state at " is massive is visible is previous data by Xu et al.

(36).
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Fig. 4. Photoemission data of the region of the B 2p valence band. The shallow B 2p
band marked with dots shifts by 0.57 eV depending on whether the termination is (a) B or (b)
Sm. This shows that the surface potential depends strongly on the termination. A photon

energy of 70 eV was used with p-polarization.

We want to discuss why the Rashba splitting appears only on the B terminated surface
while the state forms a single parabola on the Sm terminated surface (35). Since the Rashba

splitting depends on the gradient of the crystal potential perpendicular to the surface, this is in
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principle supportive of the Rashba splitting. SmBs is of CsCl structure and consequently the
bulk truncated (100) surface would be highly polar. We observe chemically pure terminations
based on core level spectra, supporting the bulk truncation model of the surfaces (35).
Therefore, different surface potential gradients are expected for the two terminations. There is
another property of the Rashba effect that is important in this context: For a very large
effective mass, a small Rashba parameter is sufficient for a large Rashba splitting in
momentum space Akj. Since the Rashba splitting is proportional to the effective mass

AKj| = m”ar/h? 1)
the large effective mass of m* = 17 me (me is the electron mass), which is the result of a
strong 4f character, requires only a small parameter ag of (3.5 + 0.1) x 1072 eV m. The
potential gradient as well as the spin-orbit interaction are included in the Rashba parameter.
Figure 4 shows photoemission data of the region of the B 2p valence band which is marked
with dots in the figure. It is seen that the position of the shallow B 2p band shifts by 0.57 eV
depending on whether the surface is B or Sm terminated. This is strong support for the
difference in surface potential gradient. It also contradicts the assumption by Zhu et al. (37)
that the charge of the B surface layer is reduced with respect to the bulk.

In Fig. 5, we show that the Rashba splitting of SmBe is of record size as compared to
other surfaces. A large Rashba splitting in momentum space is important in spintronics since
it determines the phase offset between spins and in this way the channel length in a spin field

effect transistorsfor (46,47).
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Fig. 5. Rashba splittings in momentum space for different systems. The case of SmBsg
is unique due to the strong 4f character and high effective mass. The data were taken from the
following publications: PtPb, [38], Ag(111) [39], Cu(111) [40], (In,Ga)As [41], Ir(111) [42],

Au(111) [43], Bi(111) [44], Bi/Ag(111) [45].

We want to discuss now the state at X and the scenario underlying its appearance. First
of all, the gap due to hybridization can be seen closing in in ARPES data when the
temperature is increased. At first, bulk-induced ARPES intensity was observed above the
Fermi level (32) and this was later confirmed (34,35). We have subsequently searched for
changes in the valence band and could in this way identify both components of the split bulk
band (35). Distinction between bulk and surface states was achieved by ageing and oxygen
exposure. We observed two 5d-4f hybridized dispersions which are assigned to surface and
bulk. For B termination, the surface 5d-4f hybrid is shifted by 10 meV to higher binding
energy, and for Sm termination a similarly large shift occurs in the opposite direction, i. e., to
lower binding energy. These small energy shifts of the order of 10 meV can occur below the
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surface for both terminations. They are much smaller than the surface shifts of
undercoordinated Sm which amount to about 0.3 eV. They are on the other hand much larger
than the Kondo gap of ~3.5 meV determined from the measured activation energy. Therefore,
the 10 meV shift will render the surface metallic which explains the transport properties of
SmBs. To show that this surface 5d-4f hybrid is not a state that exists only inside the bulk gap,
photon-energy dependent dispersions were measured showing the two-dimensionality in a
wide binding energy range (35). It is concluded that not only the surface state at I” is trivial,
which is sufficient for the overall trivial character, but also at X. Moreover, the surface state at
X explains the surface metallicity by a 10 meV energy shift.

It has previously been argued that there is an inconsistency between ARPES and
scanning tunneling microscopy (STM) results (48). This appears to be the case when looking
at the different terminations reported in our work and in the STM literature (49-52). To give
an example, we observe exclusively two chemically pure surface terminations over the whole
surface probed with an ARPES spot size of itself ~250 um (Hlal18). On the other hand, a (2 x
1) reconstruction observed in STM is interpreted as a missing-row reconstruction (49,50).
This is incompatible with our results since it requires the simultaneous presence of both
undercoordinated B and undercoordinated Sm at the surface.

We have conducted a combined STM and ARPES experiment on the same samples
and found that all cleaved surfaces fall into two categories. They are either (2 x 1) with a
peak at —7 meV in scanning tunneling spectroscopy (STS) or (1 x 1) where they show less
sharp features (53). These STS spectra are very similar to those in the literature (49,50). For
the (1 x 1) surface this is also the case when comparing to previous STS work (49,50). The
STS maximum is even more pronounced and can be located at —28 meV (49). These energies
correspond very well to the 10 meV binding energy shifts in two directions that we observe in

ARPES where the terminations are identified directly based on the core-level spectra. For the
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B terminated surface the binding energy is 27 meV, and for the Sm terminated surface it is 10
meV (35,53). Therefore, the STM results strongly support our conclusions that small binding
energy shifts of 10 meV cause the surface metallicity of SmBs. The remaining disagreements
with the STM literature are most likely due to the very small bias voltages employed
previously (49-52). This is why a striking energy dependent contrast reversal (53) had
remained undetected.

In summary, the Rashba splitting in SmBg is important in two ways. Due to the very
large effective mass of ~17 me because of strong 4f character, it has one of the largest
momentum offsets observed among Rashba split surface states. At the same time, its Rashba
parameter including the potential gradient and the spin-orbit coupling, is by two orders of
magnitude smaller. Secondly, the Rashba splitting, which would not have been observable in
the experiment were the effective mass smaller, is essential to characterize the surface
electronic structure as trivial. This insight from the delicate I" surface state prompted a more
profound search for the origin of the robust surface metallicity of SmBs which was found in
small energy shifts of 10 meV of the 5d-4f hybrid at X. We caution, however, that our
conclusions are based only on the surface states visible so far in ARPES and do not exclude

topological surface states buried possibly underneath the surface
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