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One-dimensional spin-polarized surface states: A comparison
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Vicinal surfaces of bismuth are unique test beds for investigating one-dimensional (1D) spin-polarized surface
states that may one day be used in spintronic devices. In this paper, such states have been observed for the (112)
surface when measured using angle- and spin-resolved photoemission spectroscopy, and also when calculated
using a tight-binding model and with density functional theory. The surface states appear as elongated Dirac-
cones which are 1D and almost dispersionless in the k, direction, but disperse with energy in the orthogonal
k, direction to form two x-like features centered at the Kk, line through I'. Unlike many materials considered
for spintronic applications, their 1D nature suggests that conductivity and spin-transport properties are highly
dependent on direction. The spin polarization of the surface states is mainly in plane and parallel to the 1D states,
but there are signs of a tilted out-of-plane spin-vector component for one of the features. The Bi(112) surface
states resemble those found for other vicinal surfaces of bismuth, strongly indicating that their existence and
general properties are robust properties of vicinal bismuth surfaces. Furthermore, differences in the details of the
states, particularly related to their spin polarization, suggest that the electronic band structure may be engineered

simply by precise cutting and polishing of the crystal.
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I. INTRODUCTION

Finding materials where spin filtering and spin transport
can be realized, either through electrical currents or magnon
currents, is of major importance in spintronics [1-6]. Spin
states facilitating the flow of spin-polarized electrical currents
are typically found in heavy element materials like bismuth
because of their strong spin-orbit coupling [7-10].

Two surfaces of bismuth, Bi(441) and Bi(114), have
previously been found to support one-dimensional (1D), spin-
polarized surface states [11,12]. The one-dimensionality of
these states suggests that conductivity and spin transport can
vary along different directions on the surface. This distin-
guishes them from many topological insulators for which
conductivity and spin-transport properties tend to be closer
to isotropic [13-16]. Furthermore, the spin polarization of the
surface states on Bi(441) and Bi(114) makes backscattering
of surface state electrons less likely, since this implies a full
reversal of their spin vectors [3-5]. Another advantage of pure
bismuth is how easy it is to cut, polish, and clean compared to
many topological insulators, which tend to be alloys [13—16].
True vicinal surfaces of alloys are challenging to achieve
consistently as the surface stoichiometry, and therefore the
electronic properties, will easily vary upon repreparation.

*Corresponding author: j.w.wells@fys.uio.no

2469-9950/2023/108(20)/205403(8)

205403-1

One of the reasons for the intense interest in topological
insulators is that the topology of the surface states protects
electrons in these states from scattering, unless the scattering
involves a mechanism that allows an exchange of spin angular
momentum [3-5,13-16]. Since topological insulators are ide-
ally insulators in the bulk, electrical transport happens through
their surface states. Bismuth is a semimetal, so transport can
also happen through its bulk states where electrons are not
generally protected from scattering, in addition to surface
state conduction [8,17]. However, if gaps could be opened
in the energy spectrum of bismuth such that only the surface
states reside on the Fermi surface or, alternatively, if vicinal
surfaces could be achieved on similar topological insulators
like Bi;_,Sb, [5,18,19], they could be prime candidates for
anisotropic electrical spin transport. Vicinal surfaces of bis-
muth are therefore great test beds to investigate the properties
of such surface states and how they can be modified. Under-
standing the underlying physical mechanisms of the electronic
and spin structure in a well-known elemental crystal should
thus aid the exploration of similar materials which can possi-
bly be used in spin-based devices in the future.

Herein, we show that another vicinal surface of bismuth,
Bi(112), exhibits 1D, spin-polarized surface states resembling
those found on Bi(441) and Bi(114) [11,12]. Angle-resolved
photoemission spectroscopy (ARPES) measurements reveal
two spin-polarized x-like features in the energy spectrum,
centered at T'; in the center of the first Brillouin zone (BZ)

©2023 American Physical Society
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FIG. 1. The atomic and electronic structure of Bi(112).
(a) Sketch showing the atomic structure of the vicinal Bi(112) surface
from the side. Red, green, and blue spheres represent the uppermost,
second, and third layers of the crystal, respectively. (b) Top view
schematic of the Bi(112) surface with the unit cell indicated (green).
The x/ky, y/ky, and z/k, axes correspond to the crystallographic
directions [1-10], [12.7 12.7 1], and [112], respectively. (c) Low-
energy electron diffraction (LEED) pattern of the Bi(112) surface,
measured with an electron energy of 40 eV. The green rectangle
shows the first Brillouin zone (BZ). b, is the distance between the
streaks, and corresponds to the length a, of the unit cell along the
atomic chains. (d) The two-dimensional Fermi surface of Bi(112).
The first and second BZs are indicated by green and purple rect-
angles, respectively. (e) Volumetric representation of the measured
Bi(112) band structure. (f) Measured band structure (Ep vs ky) at
ky, =0, i.e., orthogonal to the one-dimensional surface states.

[see Fig. 1(d)], with each of their crossing points at approxi-
mately the same binding energies (Eg, also known as E — Ef)
as the surface states of Bi(441) [11]. Similarly, Bi(114) also
has a 1D spin-polarized surface state at one of these Eg [12].
Spin-polarized surface states therefore appear to be a robust
property of vicinal bismuth surfaces. Interestingly, all three
surfaces show subtle differences in the details of their surface
states, suggesting that properties like the direction of the spin
vector can be tuned simply by cutting the crystal along a given
direction. This gives a unique way to explore low-dimensional
surfaces and how their electronic properties can be modified.

II. RESULTS AND DISCUSSION

The vicinal surface of Bi(112) can be described by sheets
of atoms with edges forming parallel lines on the surface
[see Figs. 1(a) and 1(b)]. Due to dimerization, the lines are
only weakly coupled. This results in a macroscopic number
of parallel quasi-1D systems. The surface structure shown
in Figs. 1(a) and 1(b) is confirmed by low-energy electron
diffraction (LEED) in Fig. 1(c). The distance between the
streaks indicated in Fig. 1(c) matches the periodicity of the
truncated bulk crystal in the direction parallel to the 1D atomic
chains. This suggests that there is no surface reconstruc-
tion along the atomic chain, which is as expected given that
charge-density waves are very unlikely when the 1D states
are spin polarized [20]. Charge-density waves have been ob-
served as additional 1D streaks in the LEED pattern at low
temperature for another vicinal surface of bismuth [21], but no
such streaks can be seen for Bi(112). In Fig. 1(c), the streaks
appear to consist of several closely spaced spots, seemingly
caused by the stacking of the underlying layers [22]. ARPES
measurements further confirm the 1D character of the surface-
localized electrons. The Fermi surface with 1D states along ky
is shown in Fig. 1(d). As seen in Figs. 1(e) and 1(f), these lines
consist of two bands in each BZ dispersing in energy to form
x-like features, crossing each other at the T" points close to the
Fermi level. The bands resemble the shape of a Dirac cone, but
with the Dirac point elongated to form a “Dirac line” parallel
to Ky, and an x in the orthogonal directions along £k [22].

To differentiate surface states from bulk states, measure-
ments were performed as a function of photoexcitation energy
hv. Although symmetry breaking in the out-of-plane direction
(2) caused by the surface means that the out-of-plane mo-
mentum (o k) is not well conserved in the photoemission
process, the k, dispersion of emitted bulk state electrons can
still be probed by varying the excitation energy [23]. On the
other hand, surface states are localized on the surface and their
energy is therefore independent of k, (and hv) [24].

An overview of the results is given in Fig. 2(a), show-
ing a sketch of the measured surface states (dark blue and
light blue), compared to calculated tight-binding (TB) surface
(dark pink, light pink and brown) and bulk (green) states.
In Figs. 2(b)-2(d) and 2(f)-2(h), the bands at Ep larger than
~0.3 eV are seen to disperse with photoexcitation energy and
are therefore identified as bulk bands. In addition, there are
two x-like features formed by bands crossing each other at
;. One of the x’s is apparent in Figs. 2(b) and 2(f)-2(h) and
is represented by the dark blue bands labeled x g, in Fig. 2(a).
The other x is visible in Figs. 2(b) and 2(c) and is shown
as light blue bands labeled xg j6ev in Fig. 2(a). These bands
do not disperse with photoexcitation energy, hence they are
identified as surface states. However, a noticeable variation in
intensity is observed, most likely related to photoionisation
matrix element effects [23,25]. As indicated by arrows in
Fig. 2(a), x g, (dark blue) has its crossing point near the Fermi
level at Eg = 0.07 £ 0.10eV. In comparison, X jgev [light
blue in Fig. 2(a)] has its crossing point at a larger Eg of
Eg = 0.16 £ 0.05eV, as can be seen from Fig. 2(c) [22].

The electronic structure of Bi(112) was calculated using
TB calculations and density functional theory (DFT) [22].
The TB calculations are shown in the left-hand side panel
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FIG. 2. (a) An overview of the band structure near the T, point (Eg vs k) at ky = 0. The dark blue and light blue bands represent the
two measured x-like features at [';, where the dark blue bands are clearest in (b) and (f)—(h), and the light blue bands clearest in (c) and (d).
The arrows from X g, and X j6cv indicate the crossing points of the x-like features. The green and pink/brown bands are bulk and surface
states, respectively, calculated using a tight-binding (TB) model. The dark pink bands are thought to correspond to x g, and the light pink
bands to X 16ev seen in the measurements. The yellow and purple circles show the measured (dark blue cross light blue) and calculated
(light pink cross dark pink) crossing of x g, and X jcv, respectively. (b)—(d), (f)—(h) The band structure along X — 'y — X measured with
photoexcitation energies hv = 21 eV (b); hv = 32eV (c), (d); 45eV (f); 70eV (g); and 80eV (h). In (b)-(c) the TB calculations are overlaid
on the measurements. The yellow/purple circles and purple arrow indicate where the x-like features cross each other in the measurements and
calculations. In (d), which is measured inside the orange region in (c), the left-hand side is measured with p-polarized (partly out-of-plane)
light, and the right-hand side with s-polarized (in-plane) light. The direction of the light polarization with respect to the sample surface is

sketched in (e).

in Fig. 2(a) and overlaid on the measured band structures
in Figs. 2(b) and 2(c). The bulk states (green) have been
calculated for a range of k,, hence the measured bulk states are
expected to disperse within the area they cover. There is good
agreement between the TB calculated (green) and measured
bulk states. Similarly, the TB calculated surface states (shades
of pink) resemble the two x-like features in the ARPES

measurements, with crossing points at Eg = —0.032eV and
Eg =0.166¢V for xg, (dark pink) and xq 16cv (light pink),
respectively.

Surface-state calculations on complicated surface
projections are challenging to perform accurately, and have
previously not been possible to perform for vicinal surfaces of
bismuth. Although the Ey of the crossing points in the mea-
surements agree within uncertainties with the values expected
from calculations, the gradients of the bands differ. Addition-
ally, in the measurements the bands in X j6ev cross the Fermi
level, while in the TB calculations the brown bands labeled
X4 (not seen in the measurements) in Fig. 2(a) cross the
Fermi level instead of bands assigned to X jgev. Below the
X g crossing point and above the X ey crossing point,
the measured bands are much steeper than the calculated
bands. Because of this, the (K, Eg) point where the bands
extending from Xg, and X jecy are measured to cross

[yellow circle in Figs. 2(a)-2(c)] is at a different value of ky
and Eg compared to the calculated bands [purple circle in
Figs. 2(a)-2(c)]. Although a truncated bulk surface seems to
give the best agreement between the measured and calculated
band structure, preliminary DFT calculations indicated that
surface state gradients and energies are very sensitive to the
precise geometry at the surface [26]. Reconstruction of the
surface, or missing rows of atoms as observed in Ref. [12],
may therefore explain the difference in band gradients,
potentially leading to a mechanism to control the surface
Fermi velocities. If there is a periodic surface reconstruction,
one can expect an altered spin polarization and/or number of
Fermi-level crossings, but these details seem to be correctly
described by the TB calculations.

A possible missing row reconstruction may also appear to
explain the noninteracting nature of the 1D surface states:
If the distance between the sheet edges is large, a weak
interaction between their constituent electronic states is ex-
pected [27]. However, the distance between the sheet edges in
Bi(112) (<1 nm) is much smaller than the distances between
the 1D gold atomic chains on silicon reported in Ref. [27],
for which the interaction between electronic states already
appears at distances < 2nm. Considering the straightness of
the 1D lines in the measured band structure of Bi(112), it
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TABLE 1. A comparison of the binding energies (Eg) of the
crossing points and spin vectors of the x-like features in the mea-
sured band structure of three vicinal bismuth surfaces. TB Bi(112)
gives the equivalent results from tight-binding calculations. The
spin-vector angles are measured relative to the surface plane, thus
indicating the magnitude of the out-of-plane spin-vector component.

Eg Crossing Spin-vector

point (eV) angle (°)
Surface X Eg X0.16eV X Eg X0.16ev
Bi(112) 0.07 £0.10 0.16 £ 0.05 0 27+7
Bi(441) [11] ~0 0.15-0.20 0 —45
Bi(114) [12] 0—0.15* Not seen 30 Not seen
TB Bi(112) —0.032 0.166 ~0 ~0

“For Bi(114), the surface state resembles a single, straight line on top
of a A-like bulk state. Hence, it is not clear whether the surface state
is x like with a crossing point. The maximum Ej in the given range
is estimated as the largest Eg of the surface state. See Ref. [12] for
further details.

seems likely that this interaction is absent, despite the smaller
separation of the edges in real space. One possible explanation
is the difference in screening of electrons in the two mate-
rials. Bismuth has an electron carrier density on the order
of 103 cm™3, giving a Thomas-Fermi screening length of
~0.05 nm [28,29]. In comparison, the silicon used in Ref. [27]
has an electron carrier density on the order of 10'® cm—3, giv-
ing a Thomas-Fermi screening length of ~0.3 nm [27,29,30].
Since the screening length in bismuth is small compared to the
distance between the 1D chains in Bi(112), the states appear
to be noninteracting, even without a surface reconstruction or
missing rows on the surface.

Hence, even if surface reconstruction is one possible expla-
nation for the discrepancy between the band gradients, there is
no strong evidence for this in the measured ARPES or in the
LEED pattern [22]. Overall, even if the shapes of the bands
appear somewhat different, the TB calculations predict the
two x-like features with crossing points at Eg in agreement
with those observed from the ARPES measurements.

The x-like features are similar to the surface states ob-
served for other vicinal surfaces of bismuth, as summarized
in Table I and in the Supplemental Material [22]. Two x-like
surface-state features with their crossing point near the Fermi
level and at Eg = 0.16 — 0.20eV are observed for both the
(112) and (441) surface [11]. The measured band structure
of Bi(114) has a A-shaped bulk feature with its maximum
point near Eg =~ 0.15eV, but with an additional 1D surface
state at Eg between 0 — 0.15eV [12]. For all three surfaces,
the one-dimensionality of the surface states is expected to
influence the conduction properties. A distinct increase in
the conductivity along the atomic rows of the surface when
compared to the orthogonal direction is expected, as there are
far more states to scatter into along the surface chains [see
Fig. 1(b)].

To investigate the orbital origins of the observed states,
the polarization of the light was varied between s and p
polarization (in-plane and partly out-of-plane, respectively) as
visualized in Fig. 2(e). An example is given in Fig. 2(d), where
an additional band can be observed inside the x¢ 1¢.v feature
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FIG. 3. Spin polarization from tight-binding calculations. (a)—
(c) Band structure between X — I’} — X. In (a) and (b), the color
scale shows the spin-polarization Sy, the spin-vector component in
plane and along the 1D lines, (a), and S,, the out-of-plane compo-
nent of the spin vector, (b). Note that the color scale is different
between (a) and (b). In (c), the colors label the surface bands. (d),
(e) Spin-polarization of the spin-vector component S, (d) and S, (e),
respectively. The color shows which band in (c) the spin-polarization
value belongs to.

when measured with s-polarized light (right-hand side panel).
Since this is in the region where bulk bands are found from
the calculations, it is believed to be a bulk band [22].

Due to the strong spin-orbit coupling in bismuth, the
surface states are expected to be spin polarized [7,8].
This is demonstrated in Fig. 3, showing the TB calculated
spin-polarization dependence of the surface states. Positive
(negative) spin polarization shown in red (blue) gives the
magnitude of the spin-vector component in plane and pointing
along +ky (—ky), Sy, in Fig. 3(a) and out of plane pointing
along +k, (—k;), S, in Fig. 3(b). For all the surface bands,
Sy is close to =100 % [Figs. 3(a) and 3(d)]. The exception
is the points where the surface states in X jgev intersect
those in Xg, [yellow/purple circles and purple arrow in
Figs. 2(a)-2(c)]. There, the said states also attain a significant
out-of-plane spin-vector component S, [Figs. 3(b) and 3(e)].

The measured in-plane spin-polarization shown in Fig. 4
is consistent with the calculations in Fig. 3. The spin-ARPES
measurements were performed using a range of photoexcita-
tion energies, with s, p, and unpolarized light, and at different
polar () and azimuthal (¢) angles [22]. Because of the con-
sistent spin polarization in these different measurements and
the consistency with the calculated spin polarization, the mea-
sured spin is considered to represent the spin polarization
of the initial state (see further details in the Supplemental
Material). In Figs. 4(a) and 4(b), constant energy surfaces are
shown at Eg = 0.12eV and Eg = 0.72eV. At both energies,
the region spanned by the entire first BZ (green, dashed rect-
angle) has been filled with the measured projection of the spin
vector in-plane and along £k, (i.e., Sy). At Eg = 0.12¢eV, the
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FIG. 4. Measured spin texture. (a), (b) Constant energy surfaces
at binding energies Eg = 0.12¢eV (a) and Eg = 0.72 eV (b). The first
Brillouin zone is substituted by the in-plane spin polarization along
the k direction visualized by red and blue arrows. (c), (f) Eg vs kg
plot measured with photoexcitation energies of /v = 32eV and hv =
21eV. The in-plane spin-polarization along k, was measured along
the dashed white lines and has been overlaid. (d), (e), (g) In-plane
spin polarization along ky at Eg = 0eV (d) and Eg = 0.63¢eV (e) in
(c), and Eg = 0.36eV (g) in (f).

positive spin polarization (red) occurs for negative values of
k, (left-hand side of I';), while at Eg = 0.72 eV, the positive
spin polarization is at positive values of ky (right-hand side
of T'). This indicates that the spin polarization reverses at
a band crossing between Eg = 0.12 — 0.72eV. The spin re-
versal is confirmed in Figs. 4(c) and 4(f), where the in-plane
spin-polarization S, along the 1D line is overlaid on the Ep vs
k, maps of the surface states. Sy was found to be ~30 % when
measured above and below the crossing point for X jgev, and
~70 % for x g, see Figs. 4(d), 4(e), and 4(g), respectively.

It should be noted that the spin texture is similar for both
xg and Xg6ev although their magnitudes differ, as seen
when comparing Figs. 4(e) and 4(g). Because of this, we
presume that backscattering is strongly reduced for electronic
states in the direction corresponding to the atomic chains in
Fig. 1(b). In addition, the observed spin polarization means

that instabilities like charge density waves are not expected
on the Bi(112) surface [20,31]. This is consistent with the
measured LEED pattern as discussed previously.

Signs of an out-of-plane spin-vector component can also
be seen when measuring the spin polarization of x¢ ey [22].
However, this spin-vector component is small compared to Sy,
and approaches the detection limit in our measurements. Even
though S, is small in the measurements and is only significant
for short ky ranges in the calculations, it can explain why
the measured Sy in Fig. 4(d) is lower than expected from the
calculations. These spin measurements were performed near
the Fermi level, which is close to where X 16y and X g, cross
[yellow/purple circles and purple arrow in Figs. 2(a)-2(c)].
At this point, S, increases drastically in the calculations and,
consequently, S, decreases.

When comparing the spin polarization found for Bi(112)
with Bi(441) and Bi(114) (see Table I), they are found to
be similar, but with certain important differences [11,12]. All
three surfaces have 1D surface states where the in-plane spin-
vector component along %k, (S,) is the main component.
For xg, in Bi(112) and Bi(441), this is the only measurable
component. In comparison, xg, in Bi(114) and X ey in
Bi(441) were previously found to have an additional out-of-
plane component, such that the spin vector makes an angle
~30° and ~ —45° relative to the (114) and (441) surface
plane, respectively [11,12]. Bianchi ef al. (2015, Ref. [11])
suggested that the out-of-plane component of the spin may
be a consequence of exposing edges of the (111) plane in
bismuth (see Fig. 1(a) and the Supplemental Material [22]),
and that this spin vector is in fact in plane and parallel to the
spin vector of the Bi(111) surface. This would mean that x g,
in Bi(114) and X j6ev in Bi(441) correspond to surface states
in Bi(111), while x g, in Bi(441) corresponds to surface states
on the (441) surface. This hypothesis seems to match well for
Bi(441) when comparing the angle of the spin vector with
the angle between the (111) and (441) surface planes [11].
Contrary to previous conclusions, the angle of 57° between
the Bi(114) and Bi(111) surface planes appear to be larger
than the angle of 30° between the Bi(114) surface and its
measured spin vector [11,12,22].

To see whether x g, and X j6ev in Bi(112) can be related
to states on different surfaces, their full spin vectors were
estimated. As mentioned previously, the spin vector of xpg,
seems to be fully in plane, hence indicating that it belongs to
a surface state on Bi(112). On the other hand, X 16ev Seems
to have a small out-of-plane component, resulting in an angle
of (27 £7)° between the surface plane and the measured
spin vector. This angle is smaller than the 37° miscut angle
between the (111) and (112) planes, but almost within the
estimated uncertainty. Altogether, the three surfaces have sim-
ilar spin vectors, but the angles between their surface planes
and spin vectors seem to vary. These subtle but important
differences potentially mean that the spin vector can be tuned
by choosing a particular vicinal surface.

III. CONCLUSION

One-dimensional, spin-polarized surface states have been
observed on the (112) surface of bismuth. The surface states
are seen as x-like features in the band structure with crossing
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points at Eg = 0.07 £ 0.10eV and Eg = 0.16 £0.05¢eV for
X g and X 6ey, respectively. These values agree with TB
calculations within the estimated uncertainties, even if their
band gradients differ. The spin vectors of the surface states are
mainly in plane and along %k, but xg 16cv shows indications
of having an additional out-of-plane spin-vector component,
approximately matching the angle to the (111) plane. The sur-
face states observed in Bi(112) resemble those found for other
vicinal surfaces of bismuth, indicating that the existence of
such states is a robust property of these surfaces. Furthermore,
variations in how the spin vectors tilt out of plane on the differ-
ent surfaces expand the knowledge of how the electronic and
spin structures of low-dimensional surfaces can be modified
by adjusting the surface crystallographic direction.
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APPENDIX: METHODS

1. Sample preparation

A clean Bi(112) surface was prepared by repeated cycles
of Ar" ion sputtering at 200-400 €V, followed by annealing
to T ~ 50°C for a short duration. The cleanliness of the
surface was verified by sharp and oxide-free Bi core levels
using x-ray photoelectron spectroscopy, and the crystallinty
of the surface observed by LEED. Photoemission electron
microscopy (PEEM) real-space measurements were utilized
to verify that the sample surface was uniform over a larger
area.

2. Band-structure and spin measurements
a. Momentum microscopy measurements

Band-structure measurements were performed at T =
115 K using a NanoESCA III aberration-corrected EF-PEEM,
equipped with a focused helium discharge lamp primarily
generating He I photons at 7iv = 21.2 eV, using a pass energy
of Ep = 25eV and a 1.0 mm entrance slit to the energy filter.
With the given settings, the instrument had nominal energy
and momentum resolutions of approximately 100 meV and
0.02 A~!, respectively.

The uniformity of the sample was further confirmed by
obtaining the same band structure at different positions of
the sample. The band structure measurements were repeated
after shorter and longer time periods (hours, days, months) to
ensure that the surface did not change with time. The repro-
ducibility of the bands shows that the observed band structure
is from the bismuth itself and not caused by irregularities on
the surface or by time-dependent adsorption of impurities.

Two-dimensional spin-polarized measurements at constant
energies were performed using an Ir spin-filter coated with

a monolayer of gold [32,33]. The spin filter measured the
projection of the spin along £k, i.e., in-plane and along the
1D states. The spin-polarization P was calculated from the
measurements using

L -1
= (AD)
Sy +1,)
where I, and [, are the intensities of the energy surface
when filtering spin along +ky and —ky, respectively [34]. A
Sherman function § = 0.6 was assumed based on preliminary
calibration measurements [34,35].

b. High-resolution measurements

Higher energy resolution band-structure measurements
were performed at the APE-LE end station at Elettra Syn-
chrotron, Italy, using a VG SCIENTA DA30 analyzer while
cooling the Bi(112) crystal to T =~ 77 K. Measurements were
performed at photoexcitation energies between hv = 20 —
85eV, in steps of 1 —5eV. xg, can be seen at most pho-
toexcitation energies in this range, except for photoexcitation
energies between hv = 30 — 35eV, where X 6.y has much
higher intensity. Several of these measurements were repeated
regularly during two separate weeks to verify that the sample
was clean and the measurements consistent.

Spin measurements were performed using two three-
dimensional vectorial spin polarimeters operated in the very
low-energy electron diffraction (VLEED) regime [36]. From
the spin signals detected by the two VLEED spin detec-
tors, it is possible to reconstruct the full three-dimensional
spin-vector carried by the emitted photoelectrons. A Sherman
function of S = 0.3 was found by calibration and was used in
the analysis.

3. Calculation details
a. Tight-binding calculations

The bulk band structure of bismuth was calculated within
a TB model in Ref. [37]. In this paper, we used the same
model and parameters to calculate the band structure of a
semi-infinite system with a finite number of layers in the Z
direction and periodic boundary conditions in the Xy plane,
where the sample was oriented so the Xy plane corresponds
to the (112) surface of bismuth. By performing the Fourier
transform for the in-plane coordinates, the energy band struc-
ture was calculated as eigenvalues of an effective 1D problem
at every in-plane momentum vector k. From the eigenvector
corresponding to each eigenvalue at a given in-plane momen-
tum, one may extract various properties of the state, such
as orbital content, spin, and the spatial distribution in the
direction perpendicular to the surface plane. The latter was
used to discriminate between bulk and surface states and is
the basis for the choice of color in Fig. 2. Within the geometry
in the TB calculation, there are two surfaces, which both host
surface states. In Fig. 3, however, we only show the surface
states corresponding to one of the two surfaces, while the
opposing surface contains surface states with opposite spin
polarization.
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b. DFT calculations

First-principles DFT calculations were carried out to
better understand the electronic structure and to further con-
firm the validity of the TB model. All calculations were
carried out with the QUANTUM ESPRESSO DFT pack-
age using fully relativistic pseudopotentials and projector
augmented-wave exchange-correlation functionals. Bulk cal-
culations were performed with a 40Ry plane wave cutoff
and a convergence threshold of 1 x 1073 Ry. The k points

were sampled using a Monkhorst-Pack grid of 12 x 12 x
12 and the lattice constant was found by a relaxation pro-
cess. In the relaxed structure, the top atomic layer moved
slightly into the bulk. Surface states were calculated using
a slab geometry with 24 atomic layers and a separation
of 15A between the slabs. The sampling of k-points was
done using a Monkhorst-Pack grid of 10 x 10 x 1. The cut-
off energy was 40Ry and the convergence threshold 1 x
10~®Ry.
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