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Abstract

Sb is topologically non-trivial and semi-metallic, but differs from many topological semi-metals
because of its continuous band gap. By measuring its (112) surface using angle- and spin-resolved
photoemission spectroscopy, Sb(112) was shown to have 1D spin-polarised surface states
resembling those on vicinal Bi surfaces and many topological insulators and topological
semi-metals. The shape and spin-polarisation of the measured features and the calculated bands
agreed. However, the measured features had a slightly steeper energy dispersion and different
Fermi-momenta than the calculated bands. Both theoretical and experimental methods were
necessary when determining the topology of Sb(112). The presence of projected bulk states near
the Fermi-level and varying surface localisation of the electronic states meant it was challenging to
deduce the topology of Sb(112) from the number of bands crossing the Fermi-level or a
continuous contour in the bulk band gap. Ultimately, the calculations and measurements suggest
that there are topological surface states on the Sb(112) surface.

1. Introduction

The study of topological insulators (TIs) and topological semi-metals (TSMs) has been one of the most
active and successful areas of condensed matter research in the past few decades [1-5]. Currently, such
materials attract interest for their use in a range of applications, including spintronics, thermoelectrics,
terahertz sensing, advanced electronics and optoelectronics [4, 6—14]. In short, TIs are insulators in the bulk,
but their non-trivial topology means that they have robust spin-polarised metallic surface or edge states in
which electrons are protected from backscattering [3, 15—17]. TSMs have bulk bands crossing the Fermi-level
(Er), however, non-trivial topology caused by band inversions can result in interesting features on their
Fermi-surfaces (FSs) and intriguing physical phenomena [2, 5]. Elemental Sb is topologically non-trivial and
semi-metallic, and can therefore be considered a TSM [18-21]. In most TSMs, the transition into a
topologically non-trivial state happens because the conduction band (CB) touches the valence band (VB)
[5]. However, Sb has a continuous band gap and is semi-metallic because the CB and VB cross the Er at
different momenta (k) in the Brillouin zone (BZ) [18, 21]. Changing the thickness or spin-orbit-coupling of
Sb has been predicted to cause transitions between different topological phases [21-24]. Such transitions
have been verified experimentally by the presence of topological states on thin films of Sb and from alloying
Sb with Bi to create Bi;_,Sby, which was the first experimentally confirmed 3D TI [19, 20, 22, 25-31].
Furthermore, some surfaces of Sb crystals have been shown to possess spin-polarised surface states, which is
one of the characteristics of topologically non-trivial materials [32—35]. Although these surface states
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generally follow the predictions from topology, Bianchi et al suggested that conventional topological
arguments become invalid along crystal directions where the surface is metallic [21, 34]. This means that
despite the many indications of topological surface states on Sb, it is unclear how its topological nature can
be determined from such arguments.

In the work herein, we have investigated the surface states on Sb(112) using spin- and angle-resolved
photoemission spectroscopy (SARPES) and tight-binding (TB) calculations. The surface states were found to
be nearly 1D and spin-polarised, thus reminiscent of those on many TIs, TSMs, higher order TIs (HOTIs)
and also on the vicinal surfaces of its topologically trivial sister compound Bi [36—49]. It was challenging to
determine the topology of the surface states on Sb(112) from the measurements or calculations alone, due to
the presence of bulk states near the E and since the surface character of the bands in the band structure can
vary along the band. A good understanding of both the calculations and the measurements is therefore
required when studying the topology of semi-metals like Sb.

2. Methods

The Sb(112) crystal was cleaned by repeated cycles of Ar™ ion sputtering at 200—600 eV and annealing to
T ~ 250 °C for 5—-20min. X-ray photoelectron spectroscopy (XPS) and low energy electron diffraction
(LEED) confirmed that the surface was clean and crystalline [50]. Its band structure and spin-polarisation
were measured using SARPES and calculated using a TB model as detailed in the Supplementary Material
(SM) [50].

2.1. Momentum microscopy measurements

The band structure and spin-polarisation in figures 2(g) and 3(c), (d), (g) and (h) were measured using a
NanoESCA III aberration corrected EF-PEEM with an Au-coated Ir spin-filter as detailed in [46, 51, 52].
With photoexcitation energy of hv = 21.2 eV, pass energy Ep = 25 eV and a 1.0 mm entrance slit to the
energy filter, the energy and momentum resolutions of the instrument were approximately 100 meV and
0.02 A~1, respectively. Band structure measurements were performed at a temperature of T~ 120 K, and the
spin-filtered measurements at room temperature (T = 300 K). When calculating the spin-polarisation, a
Sherman function of S = 0.6 was assumed based on calibration measurements [52]. Further details about the
spin-filtered measurements and how the spin-polarisation was calculated have been included in the SM [50].

2.2. High-resolution measurements
Higher-energy-resolution band structure measurements were performed at Beamline 21-ID (ESM) at NSLS
IT of Brookhaven National Labs , U.S., and at the APE-LE endstation of Elettra Synchrotron Trieste, Italy.
Both facilities used a VG SCIENTA DA30 analyser and the samples were kept at a temperature of T~ 20K
during the measurements.

The spin measurements in figures 3(e) and (f) were performed at Elettra using two VLEED spin-detectors
and assuming a Sherman function of S = 0.3 from calibration measurements. Details about the experimental
set-up and how the spin-polarisation was calculated can be found in [46] and [53], and in the SM [50].

3. Results & discussion

The topological nature of a 3D crystal can be defined in terms of Z,-parameters calculated from the parity
eigenvalues §(A) of the occupied energy bands at high symmetry points A (a.k.a. time-reversal invariant
momenta or TRIMs) in the bulk BZ [19, 20]. Similarly, the topological nature of a given surface can be
determined from the surface parity eigenvalues 7(A) at surface TRIMs A, calculated from the bulk parity
eigenvalues projecting onto the surface, as visualised in figure 1(a) [20, 54]. Topologically trivial and
non-trivial materials can be distinguished by whether or not their electronic bands can be continuously
deformed until they are pushed into the CB or VB [16]. This is related to the way spin-split bands are
connected at spin-degenerate TRIMs, and can be determined by counting the number of bands crossing the
Ey for insulators which have the Er entirely in the bulk band gap [16]. If two surface TRIMs have different
parity, an odd number of Er crossings—and therefore, topological surface states, are expected between the
two [54]. Contrarily, pairs of surface TRIMs with the same parity should yield an even number of Eg
crossings and topologically trivial surface states [54]. A similar approach has previously been used to suggest
the topology of semi-metals [34]. However, since the CB or VB can extend below or above the E,
respectively, it is possible to have deformable (trivial) bands which only cross Er once, or non-deformable
(topological) bands which do not cross Eg at all. A schematic example has been given in figure 1(b) where the
leftmost red and blue bands are topologically non-trivial, and the rightmost red and blue bands are trivial.
Despite this, in total there is an even number of Er crossings (two red band crossings) between the two
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Figure 1. (a) Bulk Brillouin Zone (BZ) of Sb (pink) and the projected BZ of the Sb(112) surface (green). The parity eigenvalues at
bulk (§(A)) and surface (m(A)) time-reversal invariant momenta (TRIMs, A, A) have been indicated based on [19, 20, 54]. (b)
Sketch of a band structure (Eg vs. k plot) between TRIMs A, and A, for a semi-metallic material with non-trivial topology. The
conduction band dips below the Er indicated by the black dashed line. The green dashed line shows an example of a continuous
contour in the bulk band gap. (c), (d) Atomic structure of Sb(112) seen from the side (c) and the top (d).

TRIMs, which would naively lead to the incorrect conclusion of topologically trivial behaviour. For
semi-metals with a continuous band gap, an alternative approach could be to count the number of bands
that cross a continuous contour which varies in energy but remains in the gap. See, for example, the contour
drawn as a dark green dashed line in figure 1(b) which has three bands crossing it, and correctly suggests that
the topology is non-trivial. In this paper, the number of both Ey crossings and ‘contour crossings’ has been
considered for Sb(112) and used to investigate its topology.

The atomic structure of Sb(112) has been shown in figures 1(c) and (d). Edges of Sb(111) surface planes
are exposed on the surface and form 1D chains of atoms along the [1-10] direction. LEED measurements
confirmed the crystal structure (see the SM for further details [50]). Its projected BZ has four surface TRIMs,
T, X;, X, and M, with surface parities of 7(T') = +1, 7(X;) = +1, 7(X;) = —1 and 7(M) = +1, respectively,
as shown in figure 1(a). Since the surface parity of X; is different from the remaining three surface TRIMs, an
odd number of Eg (or contour) crossings and topological surface states were expected for paths between X,
and any other surface TRIM. Between T, X; and M, an even number of Ex (contour) crossings was expected.
Sb has bulk inversion symmetry, hence, its bulk states are spin-degenerate [18]. Since spin-degenerate bands
contribute with an even number of Er (contour) crossings, only surface states, for which the inversion
symmetry is broken due to the surface, have been considered for the topological arguments.

3.1. Calculated Band Structure

The band structure of Sb(112) was calculated using a TB model (described in detail in the SM [50]) and has
been presented in figures 2(a)—(f). In figures 2(a), (b) and (f) the electronic states have been shaded
according to their surface localisation (darker states are more surface localised). The grey continuum in
figures 2(c)—(e) consists of states with an overall weak surface localisation, thus, they have the characteristics
of bulk states [55, 56]. The coloured bands labelled 1-7 in figures 2(c)—(e) are fully or partly in the bulk band
gap and are generally more surface localised than the grey states, i.e. they are reminiscent of surface bands
[55, 56]. However, some of the bands, e.g. band 1 (light blue) in figure 2(c) and bands 5 (pink), 6 (purple)
and 7 (orange) in figure 2(d), are surface localised in the bulk band gap, but are less surface localised where
they overlap with the continuum of projected bulk states near X,. Hence, the bands have parts with bulk
character even if they are predominantly surface-like. In other words, there are some values of binding
energy (Ep) and k where the electrons in ‘surface bands” have a lower probability of existing at the surface.
Furthermore, some of the bands in the bulk continuum have more surface localised states even if the
majority of the states in the band are weakly surface localised. This gives rise to dark features like the one
centred at X, in figure 2(b) (marked with dark blue solid arrows), and indicates that electrons in some ‘bulk’
states exist at the surface. Since the surface localisation of the bands can vary, it is not immediately clear
which bands should be counted as Er crossings. Furthermore, it can be unclear where the bulk band gap is
and where a continuous contour should be drawn.
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There are no bulk bands at the calculated Ep (Ef, black dashed line) in figures 2(a) and (c), and only
bands 3 and 4 cross E§ near I. Thus, there is unambiguously an even number of E, and equivalently
contour, crossings between I and X as expected from the surface parity eigenvalues.

Between X, and M in figures 2(b) and (d), the bulk continuum crosses E% near both X, and M, hence,
conventional topological arguments might not apply [21, 34]. If the topology of the surface could be
determined by counting the number of surface band Er crossings, one could argue that only band 7 exists in
the bulk band gap at the E}. (see figure 2(e)) and is, therefore, the only surface state. In this case, there would
be an odd number of E§. crossings between X, and M, in agreement with the expectations from parity
considerations. However, from figures 2(b) and (f) it can be seen that there are surface localised states in the
bulk continuum (from the feature marked by dark blue solid arrows) crossing the Ej. If these are counted as
surface states it is possible to count an even number of E}; crossings. If the overall character of a given band is
considered, bands 5, 6 and 7 are all surface bands crossing the E§ twice between X, and M in figures 2(d) and
(e). This would give an even number of Ef, crossings and presumably topologically trivial surface states.
Contrarily: if the electron occupancy of the bands changed such that Ej; were to reside where Eg 2 0.1eV in
figures 2(d) and (e), bands 5-7 would all contribute with one E}; crossing each, resulting in an odd number of
crossings. Similarly, between I — X; in figure 2(c), either 3 or 4 crossings could be achieved if
ES = Eg 2 0.2¢eV. In any case, the mixed nature of the states and any uncertainty in Er make it challenging to
unambiguously determine the number of Er crossings along the important high symmetry directions.

One cannot ascertain the topology of the calculated surface states on Sb(112) from the number of E
crossings alone because it is unclear whether one should consider (i.) only surface localised bands existing in
the bulk band gap, (ii.) bands within the bulk continuum that are more surface localised near Ef, or (iii.)
surface-like bands that partly exist in the bulk band gap, but overlap with bulk states and are only weakly
surface localised at Ej.. The number of Ef, crossings also appears to depend on the electron occupancy of the
calculated bands, (i.e. where the Ej, is placed along the binding energy axis in the Ej vs. k, plots): This is
surprising because the topology of a material with a continuous bulk band gap should not change unless the
band gap is closed [21]. For TIs in which the Ep is within the bulk band gap, the number of Ey crossings is
also independent of small shifts in the Er caused by a change in electron occupancy [16]. The apparent
dependence of the number of crossings on electron occupancy is a consequence of the E not being entirely
in the bulk band gap, and not an argument that the topology actually changes.

A better approach is to look at the number of contour crossings of a contour which lies within the bulk
band gap. The bulk bands in the VB and CB appear to merge with each other near X,, making it difficult to
determine where the bulk band gap is and therefore where the contour should be drawn. Sb has a continuous
bulk band gap, and this apparent merging of the VB and CB is a consequence of projecting bulk bands with
differing k, onto the (112) surface [56].

In figures 2(b) and (d)—(f) the CB is below the E; at X,, while the VB is above the E§ near k, +0.1A71. A
continuous contour is chosen to be approximately half way between the VB and CB, and between band 6
(purple) and band 7 (orange) where the VB and CB appear to merge, as indicated by the blue dotted line in
figures 2(b) and (d)—(f). Bands 5 and 6 follow the edge of the VB, have weak surface localisation in the region
shown in figures 2(e) and (f), and do not seem to cross the contour in the bulk band gap. Band 7 also follows
the shape of the VB for k, > 0.1 A~!, but it crosses the contour and merges with the CB around
k, ~ 0.1 A~'. The merging point has been indicated by the dark blue circle in figures 2(e) and (f). Based on
the colouring of the bands, band 7 appears to follow the edge of the CB between k, < 0.1 A~! and
k, = 0A~! (X,). However, when looking at the surface localisation in figure 2(f), there are more surface
localised (darker) states following on from the states in band 7. The surface localisation of these states is
similar to that of band 7 before it merges with the CB, and can potentially suggest that band 7 continues
along the higher surface localisation states into the CB. In any case, band 7 appears to only cross the contour
once. Band 7 cannot be pushed into the VB or CB without changing its connectivity, hence, it acts as a
topologically non-trivial surface state between X, and M.

3.2. Measured band structure
The band structure as measured using ARPES has been shown in figures 2(g)—(1). In the measurements, only
bands below the measured Ep (Ef') can be observed, and the entire bulk band gap may not be visible. Thus, it
may not be possible to verify a continuous contour in the gap, and one has to rely on the number of Ef"
crossings when investigating the topology. In the following, only surface bands existing in the bulk band gap
at the Ef" has been considered as crossings. A comparison with the calculations follows at the end of the
section.

The measurements were performed with different photoexcitation energies hv to separate bands of
surface and bulk character [57]. A more complete overview has been included in the SM [50]. Bulk bands
disperse with out-of-plane momentum k,—and thus, with hv, while surface bands are k,-independent and
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Figure 2. TB calculated (a)—(f) and measured (g)—(1) band structure of Sb(112). (a)—(d) Es vs. k. plots along TandX; (a) and
(c), and X; and M (b) and (d). The green dashed line at Es = 0.3 eV, labelled ngf, suggests a position of the calculated Er (Ef)
matching better with the measured Er (E}') (see details in the text). The blue dotted line in (b), (d), (e) and (f) indicates a
continuous contour in the bulk band gap. (a) and (b) The shade of grey indicates the degree of surface localisation of the states
(darker means more surface localised). (c) and (d) The light blue, pink, purple and orange bands labelled 1-7 are surface-like and
exist in the bulk band gap. Bands with weaker surface localisation (grey) are considered bulk-like (see the SM [50] and main text).
(e) and (f) Zoom of the dashed orange (b) and pink (d) rectangles. (g)—(1) ARPES measurements at hv = 21.2¢eV (g), hv = 52eV
(h) and hv = 50eV (i)—(1), and with p-polarised (h)—(j), s-polarised (k) and (1) light. (g) and (h) Constant energy surfaces (ESs)
at Eg = 0eV . The dashed green rectangle in (g) shows the 1st BZ with surface TRIMs. The higher-resolution FS in (f)
corresponds to the orange dashed rectangle in (g). The purple lines in (g) show the directions in k-space where Eg vs. ki plots in
(i)-(1) have been measured. Coloured lines labelled A (light blue), C (pink), U (orange) and Y (yellow) in (i)-(1) show the Eg vs. k,
dispersion of the measured features. The pink region indicates where bands assigned to C are found. Features U and A form 1D
surface states indicated in (h) by solid orange and dashed blue arrows, respectively. Near EX and EgF, feature A is thought to
correspond to band 1 and the feature indicated by dark blue solid arrows in (b). Feature C is assigned to bands 2, 3, 5 and 6, and
feature U to bands 4 and 7. At larger Eg, feature A is thought to correspond to band 1 or bulk bands, feature C to bands 1 and 2,
feature U to band 2, and feature Y to bands 6 and 7 (See the main text and SM for details [50]).

non-dispersive with hv [55, 57-59]. Only the seemingly k,-dispersionless energy states within the bulk
bandgap has been considered surface states that can contribute as Er crossings.

The FS of Sb(112) in figures 2(g) and (h) shows that there are at least two pairs of nearly 1D states (solid
orange and dashed dark blue arrows) on either side of the I — X, symmetry line. These are reminiscent of
the 1D states on vicinal Bi surfaces [38, 41, 46], many T1Is [36, 37] and nodal line TSMs [39, 42, 45], and also
of hinge states on 3D HOTTs [43, 44, 47-49]. The origin of the 1D electronic states is thought to be the
atomic chains on the Sb(112) surface, formed by edges of Sb(111) surface planes (see figures 1(c) and (d)).
The one-dimensionality of these states is speculated to give rise to anisotropic transport properties [46]. The
similarity to hinge states on HOTIs could suggest that bulk Sb, like bulk Bi, would be a HOTT if it was
insulating [43, 44]. Still, Sb is different to Bi because it is topologically non-trivial already in the first order
(based on the Z,-parameters proposed by Fu and Kane) [19, 20]. Sb is therefore primarily classified as a Z,
TSM and is expected to have 2D surface states in addition to these hinge states.

There are four distinguishable features in the Ep vs. k, plots of the Sb(112) band structure shown in
figures 2(i)—(1). The features are labelled A (light blue), C (pink), U (orange) and Y (yellow). The Ep vs. ki
dispersion of the features was determined by fitting Lorentzian functions to momentum distribution curves
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at each Ep to deduce the k, of the band intensity maxima. Details of how the dispersion of the features was
determined, about measurements at other photoexcitation energies and a discussion of the surface or bulk
character of the features, have been included in the SM [50].

Feature U is the sharpest and most prominent of the measured features, and gives rise to the outermost
1D states (solid orange arrows) in figure 2(h). Since U was found to not disperse with hv, it is recognised as a
surface state. Additionally, U remains in the bulk band gap, and can therefore be counted as a Er crossing
both between I — X; and X, — M.

The second pair of 1D states (dashed dark blue arrows) in figure 2(h) corresponds to feature A in
figures 2(i)—(1). Feature A appears to be surface-like for Eg < 0.4eV between I' — X, [50]. At larger Ey and
between X, — M, A is in a region with bulk bands (see figures 2(j) and (1), or the SM [50]), suggesting A has
bulk character.

When comparing the measured and calculated bands in figure 2, their shapes appear similar. Still, their
electron occupation (or Ef) is slightly different, and the measured bands have a steeper Eg(k,) dispersion
than the calculated bands. Such differences can occur for several reasons, e.g. if there are slight differences
between the surface structure of the model compared to the actual sample [46]. LEED measurements
indicate the surface structure of the Sb(112) crystal used is generally similar to that of a truncated bulk
surface (see details in the SM [50]). However, further investigations would be required to verify this. It
should also be noted that assumptions in the TB calculations can result in uncertainties in the energy of the
bands, even if the model describes the band structure well qualitatively [60]. Band structure calculations of
vicinal surfaces can be particularly challenging to perform, and thus, discrepancies are not surprising [46].

The calculated Fermi-momenta (k;), would be in better agreement with the measured Fermi-momenta
(ki) if the calculated electron occupancy had been such that Ef = Eg ~ 0.3eV (green dashed lines) in
figures 2(a)—(d) [50]. This energy has been labelled ngf in figures 2(a)—(d). A detailed explanation of how
Eoff was determined has been included in the SM [50]. Even if the varying surface localisation means that the
number of Eg crossings appears to change with electron occupancy in the calculations, it is not expected to
change the number of contour crossings or the topology of the material. ES is primarily used as a tool to
relate the measured and calculated bands.

Feature U in the measurements corresponds to bands 4 and 7 in the TB calculations near the measured
Er (EM) and E9F. At larger Eg, the Eg(k,) dispersion of U is close to that of band 2 in the calculations.
Between X, — M the Eg(k,) dispersion of U would be expected to follow that of band 5 instead of band 2.
However, feature U has the same Eg(k,) dispersion between I — X; and X, — M, which is steeper than the
Eg(k,) dispersion of band 5. The origin of this discrepancy between the measured and calculated bands
between X, — M is not known. However, from the one-dimensionality of the surface states seen in
figure 2(h), one can expect the Eg (k) dispersion of the features to be similar at different k.

Feature A has been assigned to band 1 and the dark feature formed by more surface localised bulk states
(dark blue solid arrows) in figure 2(b). In the calculations, band 1 overlaps with bulk states near ngf, but
exists in the bulk band gap at larger Eg. In the measurements between I' — X feature A is in the bulk band
gap near E7', but overlaps with bulk states at larger Eg. This means that both band 1 and feature A can be
thought of as surface states because parts of them exist in the bulk band gap. However, if a band has to be in
the bulk band gap where it crosses the Ep to be counted as a Ep crossing, the calculated band 1 is not counted,
but the measured feature A is counted between I — X;. Between X, — M, feature A and the dark feature
(dark blue solid arrows) in figure 2(b) exist in a region with bulk states. Thus, none of them are considered
surface states contributing to the number of Er crossings.

From the measurements at different photoexcitation energies, feature C appears to exist in the bulk
bandgap between T — X, [50]. It follows two different, but closely spaced, Eg(k,) dispersions (see details in
the SM [50]). Furthermore, the gradient of its Eg(k,) dispersion in figure 2(i) changes between being
positive and negative, suggesting that the dispersion is vertical in some places. A vertical dispersion is
unphysical for a single band since it would correspond to an electron with infinite Fermi velocity [61]. Thus,
the shape of C suggests that at least two bands exist in the larger pink shaded region, but that these are very
close together and therefore challenging to resolve [50]. The ki of feature C agrees within uncertainties with
the ki of bands 2 and 3. This, together with its shape, suggests that feature C corresponds to bands 2 and 3. In
the measurements, feature C is thought to sometimes indicate one of the bands and other times a point
between the two bands. Presuming that feature C corresponds to bands 2 and 3, it is considered to contribute
with two surface state E™ crossings between I' — X;.

Between X, — M, feature C is found to be in a region with bulk bands, but its surface character varies (see
the SM [50]). This apparent mixture of more or less surface localised states agrees with the variation of the
surface localisation along a given band in the calculated band structure, especially where the bands are close
to each other or the bulk continuum. Since feature C is bulk-like near E, it is not considered a E}* crossing.
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Figure 3. In-plane spin-polarisation of Sb(112) along £k, (S,). In all panels red corresponds to spin along +k, and blue to spin
along —k;. (a) and (b) TB calculated spin-polarisation. The purple and yellow solid lines in (a) and (b) show where Eg = 0.1eV
and Eg = 0.8eV are, respectively, relative to Ef; (black dashed line) and ngf (green dashed line, see details in the text). (c) and (d)
Spin-filtered constant energy surfaces (ESs) measured using a momentum microscope. Spin-averaged and spin-polarised ESs are
shown outside and inside the 1st BZ, respectively. Red/blue arrows show the direction of the measured in-plane component of the
spin-vector. (g) and (h) show the average spin-polarisation from MDCs at constant k, inside the 1st BZ in (c) and (d),
respectively. (c) and (g) were measured at Eg = 0.1eV and (d) and (h) at Eg = 0.8V (see purple and yellow solid lines in (a)).
Green dotted lines in (c), (d), (g) and (h) are guides to the eye showing where the zero-line of the spin-polarisation is expected to
be (see details in the text). (e) Measured band structure inside the dashed pink rectangle in (a). The spin-polarisation at

Ep = 0.18¢V has been overlaid and is given in (f).

Summarising, the measurements indicate in total four E crossings between I’ — X; (one from A, two
from C and one from U) and one E® crossing between X, — M (from U), if only surface state crossings in the
bulk bandgap are counted. Even if there are only two contour (or ES) crossings between I — X in the
calculations, there is an even number of Er crossings in both the measurements and calculations, in
agreement with the predictions from topology. There are four bands crossing E3 in the calculations if the
measurements are used to determine the surface character of the bands and where the Er should be. Between
X, — M the measurements and calculations agree that there is only one crossing, regardless of whether Eg or
contour crossings are considered. Hence, also between X, — M the results are in agreement with conventional
topological arguments. Still, without the calculations, it would have been challenging to deduce the number
of bands assigned to C. Measurements at different photoexcitation energies were required to separate surface
and bulk features. Even if both counting Er crossings and contour crossings seem to suggest the same
topology and agree with predictions from parity considerations, careful analysis and supporting theoretical
predictions are ultimately required to yield definite answers.

The feature Y is only visible along the X, — M direction in figures 2(j) and (1). Its Ep vs. k, dispersion
resembles band 7 in the calculations when following a path from X; to M, and appears to continue as band 6
between M and X, in the neighbouring BZ (N. BZ). The measured Ej vs. k, dispersion cross M at a larger Ep
than that suggested in the calculations, again indicating that the measured features along X, — M have a
steeper Eg(k,) dispersion than the calculated bands 5-7. In figure 2(d) bands 6 and 7 make an x centred at
M, but in the measurements only one of the legs in the x is visible. This is not surprising as the
photoemission intensity is determined by the dipole matrix elements of the photoexcitation process, and
may thus vary with photoexcitation energy, light polarisation and the geometry of the experiment [58].
Matrix element effects can therefore also breed difficulties in determining the number of Ef* crossings.
Intensity variations with k similar to that of feature Y, have been seen previously for spin-polarised bands,
and may suggest that feature Y is spin-polarised [62, 63].

3.3. Spin-polarisation

Spin-polarisation is one of the characteristic properties of topological surface states [4]. The calculated and
measured spin-polarisation of the surface states on Sb(112) have been summarised in figure 3. From the TB
calculations, it was found that S, pointing in-plane and along T — X, herein defined as +k,, is the strongest
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spin-vector component. A positive (red) spin-polarisation in figure 3 means that the spin-vector points along
+k,, and a negative (blue) spin-polarisation along —k, as indicated by the arrows in figures 3(c) and (d).

Bands 2, 3, 5 and 6 have a positive spin-polarisation for positive values of k, (along I’ — X; and X, — M)
in figures 3(a) and (b), while bands 1, 4 and 7 have a negative spin-polarisation. At —k, the spin-polarisation
of the bands reverse.

The spin-polarisation was measured by acquiring spin-filtered constant ESs with a momentum
microscope (figures 3(c), (d), (g) and (h)) [52], or by measuring the intensity from different
spin-components along momentum distribution curves using two V-LEED detectors (figures 3(e) and (f))
[53]. The spin-measurements have a large uncertainty due to the weak intensity of the spin-polarised bands
and variations in the detector efficiency. The weak intensity is most likely a consequence of Sb being
semi-metallic. In materials with a bulk band gap, elastic scattering from bulk bands is negligible, the
background is low, and it is possible to clearly resolve even weak states [64]. For Sb(112), the bulk states
contribute to a high background. Since the intensity of the spin-polarised bands is weak compared to the
background, quantitative estimates of the spin-polarisation are less accurate. Still, the spin-reversal can be
used to qualitatively identify spin-polarised bands. The efficiency of the spin detector varies non-linearly
across the detector, giving rise to an apparent increase in the spin-polarisation for positive k, [50] and a larger
uncertainty in the zero-line for the spin-polarisation. The green dotted line is added as a guide to the eye to
show approximately where the zero-line is expected to be if the spin-reversal is assumed to be symmetric
around k, = 0 A~!. Additional information about the spin measurements and how the spin-polarisation was
determined can be found in section 2 and the SM [50]. The measured spin-polarisation agrees with the
calculations. In figures 3(c) and (d) the 1st BZs have been filled with the in-plane spin-polarisation measured
at Eg = 0.1eV and Eg = 0.8¢€V, respectively, as indicated by the purple and yellow solid lines in figures 3(a)
and (b). There are two lines for each energy in figures 3(a) and (b), one relative to E} (black dashed line,
corresponding to the originally calculated electron occupancy), and one relative to Eff (green dashed line,
corresponding to an offset Er matching better with the measurements). The images surrounding the 1st BZ
in figures 3(c) and (d) show the spin-averaged intensity at the different energies as ESs [50]. The red/blue
arrows in figures 3(c) and (d) mark spin-polarised states. The spin-polarisation along MDCs at each k;, in the
Ist BZ in figures 3(c) and (d) were averaged and plotted in figures 3(g) and (h).

The spin-polarised states illustrated by solid arrows in figures 3(c) and (d) are close to k, =0A~! in
figures 3(c) and (g), and closer to the BZ boundaries at k, = 4-0.715 A~! in figures 3(d) and (h). The
spin-polarisation of these states is approximately +11 %. Since the spin-polarisation is positive (negative) for
+k, (=k,), it is similar to that of bands 2, 3, 5 and 6 in the calculations. Bands 2 and 3 are closer to I than
band 4 between the two purple solid lines in figures 3(a) and (b), but closer to the BZ boundary than band 1
between the yellow solid lines. Hence, the spin-polarised calculated bands 2 and 3 are found at (k,, Eg)
matching those of the spin-polarised measured features indicated by solid red/blue arrows. The
spin-polarisation appears to be similar along I — X; and X, — M. Thus, the measurements suggest that there
are spin-polarised bands at larger Ej also between X, — M, even if there are no spin-polarised bands at
Eg > 0.8V in the TB calculations in figure 3(b). This is in agreement with the previous observation that the
Eg(k,) dispersion of the measured features is steeper than expected from the calculations between X, — M.

Band 1 does not show spin-polarisation between Eg ~ 0.1eV and Ep = 0.5€eV in the TB model since it
overlaps with bulk bands. However, when measuring the spin-polarisation of feature A, it is found to be
spin-polarised with a spin-reversal of approximately +8 % as shown in figures 3(e) and (f). Thus, the
spin-polarisation corroborates that band 1 is surface-like near ES and ESff. Feature A is the only visible feature
in figure 3(e) and its spin-reversal is almost identical to that near k, = 0 A~! in figure 3(g). Hence, if band 1
corresponds to feature A its spin-polarisation is similar to that of bands 2 and 3 for Eg = 0.2 — 0.5eV in
figure 3(a), indicating that the spin-polarisation seen in figures 3(c) and (g) may also feature some signal
from band 1.

The dashed red/blue arrows at Eg = 0.8 eV in figure 3(d) indicate spin-polarised bands near
k, = 0.1 A1, The bands have a negative (positive) spin-polarisation for +k, (—k,) and are closer to
k, = 0 A~! than spin-polarised bands indicated by solid arrows (assigned to bands 2 and 3). Hence, the
spin-polarised bands indicated by dashed arrows are similar to band 1 in the calculations. Their
spin-polarisation is weak (around +2 %, see figure 3(h)) maybe because they overlap with bulk bands or
have an overall weaker intensity than neighbouring bands. Still, the spin-reversal is clear.

The bands illustrated by dashed red/blue arrows at Eg = 0.1eV in figure 3(c) also have a negative
(positive) spin-polarisation for +k, (—k,). However, they are found at k, ~ 0.3 A~!, and are therefore
further from k, = 0 A~! than the spin-polarised bands indicated by solid arrows (assigned to bands 2 and 3).
Thus, spin-polarised bands indicated by dashed arrows in figure 3(c) are reminiscent of bands 4 and 7 in the
calculations. The averaged spin-polarisation in figure 3(g) is approximately 7% at k, ~ —0.3 A~!. Near
k, ~ +0.3 A~1, the averaged spin-polarisation is small (=3 %), but not negative as one would expect for a
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spin-reversal. Still, the spin-polarisation reduces as if it is reversing, and would presumably go below zero if
we assumed the zero-line indicated by the green dotted line in figures 3(c), (d), (g) and (h).

Overall, the measured spin-polarisation can be correlated to the calculated spin-polarisation and the
measured bands. It appears that features A, C and U, which were all found to be surface-like between I' — X;
in the measurements, are spin-polarised as one would expect for topological surface states.

4, Conclusion

ARPES measurements and TB calculations have shown that Sb(112) has at least two pairs of 1D,
spin-polarised states reminiscent of those on vicinal Bi surfaces, TIs, TSMs and HOTIs. The shape and
spin-polarisation of the measured features and the calculated bands agree, even if the measured features had
a steeper energy dispersion and different kg compared to the calculated bands. It was challenging to
determine the number of Er or contour crossings because the bands did not always have a pure surface or
bulk character, and some of the bands were difficult to distinguish. The calculations and measurements still
suggest that an even and odd number of surface states cross the measured Ey along I' — X; and X, — M,
respectively. Hence, Sb(112) appears to have topologically non-trivial surface states along X, — M.

This study highlights why ARPES has to be combined with theoretical efforts when it is used to evaluate
the topology of vicinal semi-metals and other topological systems. The fact that bands may have a mix of
surface and bulk character, or can be close together and thus hard to resolve, or that photoionisation matrix
elements may strongly vary, all influence how easily the number of Er or contour crossings can be counted.
Despite this, we have shown how a careful and holistic approach can give a good understanding of the band
structure and the topological nature of electronic states on surfaces of semi-metals.

Understanding these properties can be important when developing new technologies based on the
properties of topological materials [4, 6-14]. Materials with robust one-dimensional and spin-polarised
surface states have attracted particular attention because of their potential application in spintronics [4, 6,
12]. Sb(112) would be a good candidate for use in spintronic devices if the bulk bands could be shifted away
from the Ep such that electronic transport would only be possible through its surface states. Future work
could include efforts to modify Sb(112) to achieve this, or alternatively to investigate whether vicinal surfaces
of TIs like Bi;_,Sb, host similar states.
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