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Photoelectron spin polarization in the Bi,Te;(0001) topological insulator:
Initial- and final-state effects in the photoemission process
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The photoelectron spin polarization in angle-resolved photoemission from the topological surface state in
Bi,;Te;(0001) has been investigated in a combined experimental and theoretical study. Our measurements show
significant photon-energy-dependent deviations in the three-dimensional spin polarization of the photoelectron
when compared to the expected intrinsic spin polarization of the surface state. The experimental observations
are in line with relativistic one-step photoemission calculations. Our theoretical analysis confirms that spin-orbit
coupling in the initial-state wave functions in combination with the dipole selection rules strongly influences the
photoelectron spin polarization. Furthermore, spin-dependent final-state effects are found to influence the spin
polarization significantly. A quantitative access to the three-dimensional spin-polarization vector in topological
insulators is thus challenged by a complex interplay of initial- and final-state effects in the photoemission process.
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I. INTRODUCTION

Topological insulators are currently attracting broad interest
in condensed matter physics and are considered for future
applications in spintronics and quantum computation [1-4].
The bulk band structure of these materials is characterized by a
nontrivial topology that implies the existence of spin-polarized
surface states spanning the bulk band gap. The band dispersion
of these surface states can be determined experimentally by
use of angle-resolved photoelectron spectroscopy (ARPES).
This experimental technique therefore constitutes a valuable
method for the investigation of topological insulators [5,6].
Furthermore, the detection of the photoelectron spin in a
spin-resolved ARPES measurement allows one to address the
momentum-dependent spin polarization of topological surface
states [7-16]. This is highly desirable, as the locking of
spin and momentum represents one of the key features in
the surface electronic structure of topological insulators. A
different spectroscopic access to the intrinsic spin polarization
has also been explored based on the use of circularly polarized
light for photoelectron excitation [14,17,18]. However, the
resulting dichroic signal turned out to be strongly influenced
by the final state in the photoemission process. It thus stands
in no immediate relation to the spin polarization of the surface
state [19-21]. On the other hand, recent spin-resolved ARPES
studies of the topological insulator Bi,Se; also revealed pro-
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nounced dependences of the photoelectron spin polarization
on energy and polarization of the exciting light [22-26]. This
implies considerable influences of the photoemission process
on the photoelectron spin in these materials [27].

In general, spin-orbit coupling is known to give rise to
spin-polarized photoelectrons from atoms and nonmagnetic
solids for excitation with circularly polarized light [28-30], but
also for linear polarization if photoelectrons are detected under
well-defined angles [31-34]. The latter case can, for example,
result from phase shifts in the photoelectron final state, where
interference between partial waves of different orbital angular
momentum takes place [35], or from spin-dependent photo-
electron scattering at the surface [36]. However, spin-polarized
photoelectrons from spin-degenerate electronic states can
also arise purely due to spin-orbit coupling in the initial
state in combination with the finite probing depth of the
photoemission experiment [37,38]. In the case of topological
surface states, or similarly also for conventional surface states
with Rashba-type spin splitting [8], the initial-state wave
function is spin polarized. Nevertheless, in the presence of
strong spin-orbit interaction, a key ingredient for the formation
of topological insulators, considerable mixing between spin-up
and spin-down states occurs [39—42], yielding wave functions
of the form ¥ = agy(r)[1) + b, (r)|] ). Hence, differences
in the photoemission cross sections of ¢4 and ¢, depending
on photon energy and polarization can affect the degree of
photoelectron spin polarization [25-27,43,44]. Furthermore,
the coherent excitation of spin-up and spin-down electrons
may also modify the orientation of the photoelectron spin with
respect to the spin-orientation of the initial state [26,39], given
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by the expectation value of the spin operator for the initial
state.

In this work we investigate the relevance of initial- and final-
state effects in the photoemission process for the photoelectron
spin polarization in the topological insulator Bi,Tes. To this
end we compare spin-resolved ARPES measurements of the
three-dimensional spin-polarization vector of the topological
surface state (TSS) to the results of relativistic one-step
photoemission calculations, taking into account transition
matrix elements and multiple scattering. The experimental
and theoretical results consistently indicate significant photon-
energy-dependent modifications of the photoelectron spin-
polarization as compared to the expected spin-polarization
of the initial state. While we find that spin-orbit coupling
in the initial-state wave functions plays an important role
for these modifications our analysis also reveals that spin-
dependent effects in the final state considerably influence the
photoelectron spin polarization.

II. METHODOLOGY

A. Experiment

The experiments were performed at the efficient spin
resolved spectroscopy observation end station (ESPRESSO)
at the Hiroshima synchrotron radiation center (HiSOR BL-
9B) [45]. The Bi,Te; single crystal, grown by a modified
vertical Bridgman method [46], was cleaved along the (0001)
direction under ultrahigh vacuum (UHV) conditions at room
temperature. It was subsequently cooled down to the mea-
surement temperature of 7 =~ 40-70 K. A Scienta R4000
hemispherical photoelectron spectrometer was utilized at pres-
sures below 4 x 107!° mbar during the measurements. The
spin detector is based on very low energy electron diffraction
(VLEED) and projects the photoelectron spin to the variable
axis of magnetization M of the target surface [45,47]. The
spin-resolved photoemission intensities /4 (E,k) are obtained

from the scattering asymmetry A(E k) = tx;ﬁ:x‘[ = l*“}:f’M
via
Itotal(Eak)
Iy (Ek) =[1+ P(E,k)]T, ey

where the photoelectron spin polarization P(E,k) along a
given direction in space is given by

P(E k) = éA(E,k). 2)

The Sherman function of the detector was S = 0.3. The high
symmetry directions as well as the directions of measurements
where identified by determination of the electronic band
structure and the Fermi surface. The measurements were
performed using p-polarized light.

B. Theoretical and computational background

We start with Pendry’s formula for the photocurrent which
defines the one-step model of PES [48]:

1 _
IPES — —;3 (e/.k||GTAGTATG e k) . 3)

The expression can be derived from Fermi’s golden rule for
the transition probability per unit time [49]. Consequently,

PHYSICAL REVIEW B 93, 245150 (2016)

IPES denotes the elastic part of the photocurrent. Vertex
renormalizations are neglected. This excludes inelastic energy
losses and corresponding quantum-mechanical interference
terms [48-50]. Furthermore, the interaction of the outgoing
photoelectron with the rest system is not taken into account.
This “sudden approximation” is expected to be justified for
not too small photon energies.

We consider an energy-, angle-, and spin-resolved pho-
toemission experiment. The state of the photoelectron at the
detector is written as |e¢,k), where k is the component of
the wave vector parallel to the surface, and € is the kinetic
energy of the photoelectron. The spin state of the photoelectron
is implicitly included in € k) which is understood as a four-
component Dirac spinor. The advanced Green function G, in
Eq. (3) characterizes the scattering properties of the material
at the final-state energy E> = €;. Via |Wy) = G, |er, k) all
multiple-scattering corrections are formally included. The
operator A mediates the coupling to the electromagnetic field.

For an appropriate description of the photoemission pro-
cess, we must ensure the correct asymptotic behavior of W ¢ (r)
beyond the crystal surface, i.e., a single outgoing plane wave
characterized by €, and k. Furthermore, the damping of the
final state due to the imaginary part of the inner potential
i Voi(E,) must be taken into account. We thus construct the final
state within spin-polarized low-energy electron diffraction
(SPLEED) theory considering a single plane wave |e,Ky)
advancing onto the crystal surface. Using standard LEED
techniques [51], generalized for the relativistic case [52,53],
we first obtain the SPLEED state U W ¢(r). The final state is
then given as the time-reversed SPLEED state (U = —io, K
is the relativistic time inversion). Many-body effects are
included phenomenologically in the SPLEED calculation by
using a parametrized, weakly energy-dependent and complex
inner potential Vy(Ez) = Voo (E») + i Vyi(E2) as usual [S1].
This generalized inner potential takes into account inelastic
corrections to the elastic photocurrent [49] as well as the actual
(real) inner potential, which serves as a reference energy inside
the solid with respect to the vacuum level [54]. Due to the
finite imaginary part i Vp;(E>), the flux of elastically scattered
electrons is permanently reduced, and thus the amplitude of the
high-energy wave field W ;(r) can be neglected beyond a finite
distance from the surface. This way the one-step description of
the photoemission process includes all matrix-element effects,
all multiple scattering effects in the initial and final states, and
the effect of the photon momentum vector.

To disentangle explicitly matrix-element effects from sur-
face and final-state effects, we introduce the spectral function
representation of Pendry’s formula, which allows for an
explicit illustration of final-state effects [20]. The spectral
function representation can be written as

1
—;JGf’:ZBM‘I'i)(‘I‘il, )

where the Green’s function for the photohole is given as a
sum (integral over k, for all bands) of spectral functions B;;
over initial states. The ARPES intensity can now be expressed
formally as

Iep k) =D Bil(WrlAIW) . 5)

l
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The initial and final states can be written in spherical harmonic
representation according to [48,55]

Wi = A Re(kir) Xieu(0.9),

K
(6)
Wy =" Age Rk sr) e (0.6).
o
Here the complex expansion coefficients
Aty = |Areple®™  and
(N

AZK’;L’ = |A2K’u’|elak/#/
contain the corresponding relative phases 6, and 8,/ of
the relativistic partial waves «u and «’u/, where xu are the
relativistic quantum numbers and x,, denotes a relativistic
spin-angular function [52].

If we fix for a moment the initial-state coefficients to
A, =1 in order to study the final-state effects only [20],
we get for the intensity signal

PES *
S xIm Y MM oDy D

Kok W k"

X | Ay || Agr | @020 =020, ®)

*
P AT

where the relativistic angular matrix elements D, take care
of the dipole selection rules. M, , denote the radial matrix
elements which serve as relative weights of dipole-allowed
transitions. Equation (8) shows explicitly the interplay between
the angular matrix elements, e.g., the dipole selection rules,
and the final-state phase differences.

From bare electronic structure calculations using the local
density approximation (LDA) approach, the description of the
surface potential is insufficient. Hence, it has been known for
a long time that the LDA, and gradient-corrected schemes
as well, are not able to provide the correct asymptotic of a
potential away from the crystal surface. Therefore, a surface
potential derived from density-functional theory (DFT) gives
only a good description for surface states which are located
near the Fermi energy. This is not, however, a general
shortcoming of the DFT. It has been demonstrated, e.g.,
by Gunnarsson et al. [56,57] that in the weighted-density
approximation a model function describing the shape of the
exchange-correlation hole can be tuned in such a way as
to fulfill several physically important limiting conditions,
including the 1/z asymptotics of the potential outside a
solid surface. The ab initio calculations incorporating the
weighted-density approximation remain, however, relatively
rare and have not yet been, to our knowledge, successfully
applied to the study of surface-related states. So far, an ad hoc
adjustment of the potential barrier near the surface remains an
arguably workable alternative. A realistic description of the
surface potential is given through a spin-dependent Rundgren-
Malmstrom barrier [58] which connects the asymptotic regime
7 < z4 to the bulk muffin-tin zero V., by a third-order
polynomial in z, spanning the range z4 < z < zg. In other
words zg defines the point where the surface region ends and
the bulk region starts, at which z; defines the position of the
classical image plane.

In order to substantiate the theoretical discussion we
present the theoretical approach in more detail. The sur-
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face contribution I°"f(e r.K)) which is part of the total
photocurrent accounts explicitly for surface related spectral
features:

, 1 , ‘
I"(e; k) = ——Im / drw () AW (), (9)
’ T
with

(r,r) A (). (10)

wr(r) = / dr'Gl .
Here, G}, denotes the retarded Green function of the
initial state in the surface region and A is the corresponding
dipole operator. In the case of a z-dependent barrier potential
Vs = Vp(2), the initial- and final-state wave fields have to be
calculated numerically in the surface region. Both wave fields
\IJl?“"f(r) and \Il}“"f(r) can be decomposed into z-dependent and
corresponding parallel components,

\pisurf(r) — Z ¢1g(z)el’klg\\(l’*01)” s (11)
g

W) = Y o) O, (12)
g

with the regular solutions of the Schrodinger equation ¢g
and v, to the reciprocal lattice vector g for Vp(z) in the
range —o0 < z < cy;. The value ¢y, defines the point, where
the surface potential goes smoothly into the inner potential
of the bulk crystal. This way all matrix-element effects
concerning surface-related electronic states are quantitatively
considered, Also multiple scattering effects in the surface
region are quantitatively described by our approach because all
multiple scattering effects between the semi-infinte bulk and
the surface potential are considered through the layer-doubling
technique [51], which allows one to couple the scattering
matrix of the surface potential to the rest bulk. Last, spin-flip
processes caused by multiple scattering are quantitatively
considered due to the fully relativistic description used in our
theory.

C. Computational details

Self-consistent electronic structure calculations were per-
formed within the ab initio framework of spin-density func-
tional theory. The Vosko, Wilk, and Nusair parametrization
for the exchange and correlation potential was used [59].
The electronic structure was calculated in a fully relativistic
mode by solving the corresponding Dirac equation. This
was achieved using the relativistic multiple-scattering or
KKR formalism in the tight-binding KKR mode [60-62].
The resulting half-space electronic structure represented by
single-site scattering matrices for the different layers and
the corresponding wave functions for initial- and final-state
energies were used as input quantities for the corresponding
photocurrent calculations. Lifetime effects in the initial states
have been included via a small constant imaginary value of
Vi(E;) = 0.08 eV to represent scattering events by structural
disorder and other incoherent processes, such as impurity
scattering. The higher background appearing in the calculated
spectra is due to the presence of the bulk states, which start to
disperse at about 0.2 eV binding energy. As a consequence the
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theoretical line width of the TSS seems to be broader than the
experimental ones.

III. RESULTS AND DISCUSSION

Figure 1(a) sketches the experimental geometry where light
incidence and photoelectron detection are in the xz plane.
The mirror planes of the crystal lattice are oriented along the
TM directions (yz plane). This means that for the presented
experiments it is oriented perpendicular to the optical plane of
the measurement geometry while the T'K direction lies in the
optical plane. As a result the photoelectron spin polarization
P = (P,,Py,P,) is only mildly restricted by symmetry and,
generally, all components may be nonzero [39]. Figure 1(b)
shows ARPES data of the topological surface state obtained at
a photon energy of hv = 22 eV along the T'K direction. The
upper part of the Dirac cone is visible with the Dirac point at
a binding energy of roughly 200 meV.

Due to the spin-orbit coupled nature of the wave function of
the topological surface state, expressed by ¥ = ad4r(r)|1) +
b, (r)|{), the spin polarization may, in general, vary with
position r and wave vector k. This is confirmed by ab initio
calculations for Bi,Tes [15,63]. The spatially averaged spin
polarization is expected to be oriented tangentially to the Fermi
surface, i.e., in-plane and perpendicular to the wave vector,
along TM while it may develop and additional out-of-plane
component along T'K [64].

PHYSICAL REVIEW B 93, 245150 (2016)

Spin-resolved energy distribution curves (EDCs) I4(E)
for the topological surface state are shown in Figs. 1(c)
and 1(d) obtained with photon energies of Av = 22 eV and
hv =27 eV, respectively. Measured and calculated EDCs
at positive and negative wave vectors along k, for all three
spin components P, Py, and P, are directly compared. The
corresponding experimental and theoretical spin polarizations
P(E) are displayed in Fig. 2. The hatched areas in Fig. 1(b)
indicate the position of the EDC along k, and the k resolution of
the measurements. Focusing first on the experimental results
we observe sizable spin polarizations along the y axis that
switch sign at opposite wave vectors. These tangential spin
components, oriented perpendicular to the wave vector, are
in line with the expected intrinsic spin polarization of the
topological surface state. However, we also observe spin
polarizations along the x axis that are of similar magnitude.
Such radial spin components, oriented parallel to the wave
vector, should vanish in the spin polarization of the ground
state along high-symmetry directions. They can, however, arise
from the photoemission process and have also been found for
Bi,Se3(0001) [22,26]. The measured radial components have
the same sign at +k, and at —k, for hv = 22 eV. Furthermore,
they show a pronounced photon energy dependence becoming
considerably reduced at hv = 27 eV. On the other hand, the
measured spin polarization along z vanishes at both photon
energies within experimental uncertainty. For the intrinsic spin
polarization a finite out-of-plane component P, is expected
along TK. At binding energies of about E — Er < —200 meV
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FIG. 1. (a) Sketch of the experimental geometry. The optical plane (xz plane) is colored. (b) ARPES data for Bi,Te3(0001) along the 'K
direction (k, ) showing the topological surface state (TSS) and the topmost bulk valence band (BVB) (p-polarized light, hiv =22 eV, T =50 K).
The hatched rectangles represent the energy range in which the spin-resolved measurements in (c) and (d) were taken and the corresponding
k resolution. The dashed line marks the Fermi level E . Panels (c) and (d) display measured (left) and calculated (right) spin-resolved energy
distribution curves at hv = 22 eV and hv = 27 eV (d), respectively. Data for spin-polarization along the x, y, and z axes are presented at

positive and negative wave vectors, respectively.

245150-4



PHOTOELECTRON SPIN POLARIZATION IN THEBi ...

O’ !
z-axis x-axis y-axis
(@ 1.0 —— hv=22eV[ | — Calcu!ation k™
—— Experiment
k
_KJ & O=
S el pcll TR
Px Py

o o d S5 o o
o U0 o o o O

Spinpolarization

-U

! ~
A
bl
L
i

|NUETH FEUTE FEETY FEUTE FRERS AT P

S
[6)]
Lt
S|
H
-
P

I

-1.0
(b) 1.0 T |w=27e — Calculation| k™
05 ﬂ —— Experiment
3 k
0.0 ‘R.sz&r{& Xﬁf\xpl A -

osa {M'% :
1.0 f X Y
e D&AJ\ M o Ky

Spinpolarization
o o
o »
saalagagls
L |
N

I\H\fﬂﬂ“ g[r TK
0.5
1.0 e e e
02 -01 0-02 01 0-02 -01 O
E-Ef [eV] E-Ef [eV] E-Ef [eV]

FIG. 2. Calculated (red) and measured (black) photoelectron
spin polarization for Bi,Te;(0001) at Av =22 eV (a) and 27 eV
(b), respectively. The data directly corresponds to the according
spin-resolved EDC shown in Figs. 1(c)-1(d).

for all EDCs the onset of the valence band is visible, showing
no spin polarization [see Fig. 1(b)].

Comparing our measurements to the calculated spin-
resolved EDC, we find an overall good agreement. In partic-
ular, our photoemission calculations confirm the appearance
of sizable radial spin components of comparable magnitude
as for the tangential components. In line with the experiment,
the tangential component changes sign for k, — —k, while the
sign of the radial component remains unchanged. Furthermore,
our calculations also indicate a reduction of the radial spin
component at v = 27 eV, albeit not as pronounced as in the
experiment. While the out-of-plane spin polarization compo-
nent P, is smaller than P, and P, as in the measurements, it is
clearly finite. Thus, there appears to be a mild overestimation
of P, in the theoretical results while the tangential components
P, tend to be slightly underestimated. However, the main
experimental observation, namely the appearance of photon-
energy-dependent radial spin components in the photoelectron
spin polarization of the topological surface state, is reproduced
by our calculations. We also note an apparent difference in
the experimental and theoretical lineshapes of the TSS. In the
theoretical spectra lifetime effects in the initial states have been
included via a small constant imaginary value of V;(E;) =
0.08 eV to represent scattering events by structural disorder
and other incoherent processes, such impurity scattering. The
higher background appearing in the calculated spectra is due
to the presence of bulk states, which start to disperse at
about 0.2 eV binding energy. As a consequence the theoretical
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FIG. 3. Calculated spin-resolved EDC at +k, with the spin-
quantization axis along y for vertical (a) and oblique (b) light
incidence in the xz plane (p-polarized light, hv = 22 eV). (c)
and (d) show calculated spin-resolved EDC at +k, with the spin-
quantization axis along x for parallel (d) and oblique, 45°, (b) light
incidence, respectively. In both cases a dependence of the calculated
photoelectron spin polarization on the angle of incidence is apparent.

linewidth of the TSS seems to be broader than the experimental
ones.

Based on this general agreement between experiment
and theory we will now further analyze the effects of the
photoemission process on the photoelectron spin polarization.
Varying the light incidence angle in our calculations and
thereby the light polarization vector A allows us to address
specific orbital components of the initial-state wave functions
Y; via the dipole matrix element (v ¢|A - p|/;), with electron
momentum p and final state v ;. In Figs. 3(a) and 3(b) we com-
pare calculated spin-resolved spectra for normal and oblique
incidence of p-polarized light in the xz plane, respectively.
In the latter case the photoemission signal originates mainly
from excitation of p, orbitals, while in the former case it
is dominated by excitation of p, , orbitals. Evidently, the
photoelectron spin polarization along y changes sign between
the two experimental geometries as a direct consequence of
spin-orbit coupling in the initial-state wave function, namely
a preferred excitation of either the ¢, part or the ¢ part
of ¥; =apy(r)|1) + be (r)|]). This is in agreement with
previous experimental observations and model calculations in
Bi,Ses [23,25,26].

In Figs. 3(c) and 3(d) we address the influence of the
initial state on the radial components in the photoelectron
spin polarization that we observed experimentally. To this end
we consider calculated spin-resolved spectra for parallel and
oblique incidence of p-polarized light in the xz plane. In the
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FIG. 4. Calculated spin-resolved EDC at +k, with the spin-
quantization axis along x in (a) and (b) and along y in (c) and (d)
(hv =22 eV). Red (spin 1) and blue (spin |) lines display EDCs
for the full final-state wave function [cf. Fig. 1(c)]. The continuous
and dashed black lines show calculated EDCs excluding final-state
orbitals of s and d character, respectively.

former case the photoemission signal arises almost exclusively
from p, orbitals while in the latter case also p, , orbitals
contribute. When probing only the p, part of the initial state
one might expect influences of the photoemission process
to become weaker because the initial-state spin polarization
is orbital dependent [25,26,42]. Indeed, our calculations
in Figs. 3(c) and 3(d) show a considerably reduced spin
polarization along x for parallel light incidence. This confirms
that spin-orbit coupling in the initial-state wave functions and
experimental geometry play an important role in deviations
between ground state and photoelectron spin polarization [26].
The finite radial component in Fig. 3(c) reflects that, along
TK, both ¢+ and ¢, have contributions from p, orbitals. We
performed additional calculations at higher excitation energies
of approximately 2v = 1000 eV (not shown) where the final
states should be described well by free-electron states. Also in
this case radial components in the spin polarization of similar
magnitude were obtained, in agreement with previous model
calculations [26].

We will now consider effects in the final state of the
photoemission process on the photoelectron spin polarization.
As the topological surface state is composed of Bi 6p and Te
5p orbitals, the relevant final states are of s and d character
due to the selection rule Al = *1. Figure 4 shows calculated
spin-resolved spectra for the radial and the tangential spin
components in (a)—(b) and (c)—(d), respectively. In each case
we compare calculations with the full final-state wave function
and those where s and d orbital contributions are “switched
off.” Interestingly, for both spin components the behavior in
the spin-up and the spin-down channel is rather different. In the
spin-down channel s and d final states interfere constructively;
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that is, the intensity for the full final state is higher than the
sum of individual s and d contributions. By contrast, in the
spin-up channel s and d final states interfere destructively, as
the intensity for the full final state is smaller than the sum
of s and d contributions. Hence, our calculations reveal spin-
dependent relative phases between s (I — 1) and d (I + 1) final
states that will significantly influence the photoelectron spin
polarization in dependence of photon energy, as is expected
from Eq. (8). Related spin-dependent effects in the continuum
final states are a well-known origin of photoelectron spin po-
larization in the case of photoexcitation from closed core-level
shells [35].

Within the one-step model approach the photoemission
intensity distribution, in principle, consists of a product of
angular matrix elements weighted with corresponding radial
matrix elements, summed up over all spin and orbital degrees
of freedom. This summation, restricted through the dipole se-
lection rules, is explicitly seen in Eq. (8), that describes a linear
combination of matrix elements containing contributions from
different excitation channels simultaneously, as for example
transitions from different p-like orbitals in the initial state to
s- or d-like final states depending on the excitation energy.
Due to spin-orbit interaction the spin and orbital nature of the
initial and final states are strongly entangled, which within
our theoretical approach is described by spin-flip processes
in the relativistic multiple scattering. Finally, the weighted
sum over the individual matrix elements, together with the
summation over different atomic layers which contribute with
exponentially decaying amplitudes according to the inelastic
mean free path, may generate considerable deviations between
the photoelectron spin polarization and the spin expectation-
value in the ground state.

IV. CONCLUSIONS

To conclude we have presented a combined experimental
and theoretical study of the photoelectron spin polarization in
angle-resolved photoemission from the topological insulator
Bi,Tes;(0001). Considerable deviations between the photo-
electron spin polarization and the expected intrinsic spin
polarization of the topological surface state are observed exper-
imentally and confirmed by relativistic one-step photoemission
calculations. Our theoretical analysis indicates that spin-orbit
coupling in the initial-state wave functions, dipole selection
rules, and spin-dependent relative phases in the final-state
wave functions of different orbital angular momentum affect
the photoelectron spin polarization considerably. The present
findings, thus, illustrate that a quantitative experimental access
to the spin-polarization vector of topological surface states is,
in general, not straightforward. It requires a detailed analysis
of the photoemission matrix element as well as a careful
consideration of experimental parameters on the photoelectron
spin polarization, such as setup geometry, photon energy,
and photon polarization. This is expected to hold particularly
in situations where the wave function of the surface state
acquires additional complexity, e.g., due to influences of the
in-plane potential landscape at the surface [63,64], or due to
hybridization with bulk electronic states [63,65,66] or with
other surface states [42].
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