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Spin- and angle-resolved photoelectron spectroscopy is commonly used to determine the spin texture of the
occupied electronic states. If spin-orbit coupling is strong, the spin polarization of the photoelectrons and that
of the initial states may deviate significantly. To alleviate part of this problem we propose a recipe for improved
spin retrieval. The basic idea is to combine photoemission intensities from (at least) two different photoemission
experiments in a way which reflects the symmetry of the photoemission setups; the procedure avoids group-
theoretical analyses or relativistic photoemission calculations. In this paper we introduce the approach, motivated
by the example of photoemission from W(110) illuminated by circularly polarized light. Limitations of the method
are discussed.
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I. INTRODUCTION

Spin- and angle-resolved photoelectron spectroscopy
(SARPES) is considered one of the most used and most
versatile experimental techniques to determine the occupied
electronic structure of solids in great detail [1–6]. The mea-
sured data are commonly interpreted within the one-step or
three-step model of photoemission, which allows us—due
to conservation of energy E and surface-parallel momentum
k‖—to determine the energy and wave-vector position of the
initial states; the spectral intensities, however, are difficult
to interpret because they are essentially determined by the
transition matrix elements (dipole interaction). This obstacle is
overcome by comparing experimental and theoretical spectra,
the latter calculated with sophisticated computer programs
in which all major ingredients are taken into account: the
electronic structure of the initial and final states with correct
boundary conditions, transition matrix elements, light polar-
ization, electron mean free path, etc. [7–10].

If the initial state is intrinsically spin polarized, for example,
in a ferromagnet, the above interpretation can be applied
to the spin-up and spin-down electrons separately, provided
spin-orbit coupling is weak. If, however, spin-orbit coupling
is strong, the initial-state spin polarization is not necessarily
retrieved in the photoemission experiment. In other words,
spin-orbit coupling introduces additional effects to spin-
resolved photoemission, which depend on the polarization of
the incident light.

Considering circularly polarized light, the photon spin
which is aligned parallel or antiparallel with the incidence
direction is transferred to the photoelectron [11–13]. In a rough
picture, the photoelectron spin becomes more or less aligned
with the light incidence direction, that is, “optically oriented.”
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For example, GaAs illuminated by circularly polarized light is
a widely used photocathode for spin-polarized electrons.

Linearly polarized light also produces spin-polarized photo-
electrons from spin-degenerate initial states [14–19]. However,
the spin orientation depends crucially on the light incidence
direction and on the geometry of the sample surface.

In a ferromagnet the initial state is intrinsically spin polar-
ized, and the above effects for circularly and linearly polarized
light result in magnetic dichroism (that is, the intensity depends
on the light polarization) [20–22]; the intensity change is then
attributed to the strength of the spin-orbit coupling within the
initial state at the chosen (E, k‖) position. The interpretation
is facilitated by the fact that the spin texture is collinear.

For noncollinear spin textures of the initial states, prominent
examples of which are surface states of Rashba systems (see
Refs. [23–26] for selected publications) and of topological
insulators (see Refs. [27–37] for selected publications), such
an interpretation is difficult without imposing a priori assump-
tions on the spin texture or without help of photoemission
calculations.

The above raises a question on how to retrieve the spin
polarization of the initial state from a photoemission ex-
periment without referring to assumptions or to relativistic
photoemission calculations. This is, of course, not possible in
the strict sense since the transition matrix elements govern the
intensities. However, one could combine spectra taken with
different light polarizations or at different k‖ in such a way
that the spin-orbit effects in the photoemission process are
mostly removed. These combinations should, on the one hand,
reproduce as faithfully as possible the initial-state spin texture
and, on the other hand, provide a measure which tells that
the interpretation of these combined spectra has to be done
cautiously. Such a combination procedure requires us to take
spectra for at least two different setups [38], which in view
of the latest developments (e. g., time-of-flight detectors and
photoelectron microscopes [39–42]) is not too cumbersome. It
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also avoids tedious group-theoretical considerations; instead,
it relies on a brief symmetry analysis of the photoemission
setup.

In this paper we introduce the procedure by considering an
admittedly simple but well-understood system: the Dirac-type
surface state of W(110). This outstanding surface state has been
investigated in great detail; a by no means complete selection
of publications includes Refs. [43–50]. We have applied the
approach successfully to other paradigmatic systems with spin-
polarized surface states, namely, Au(111), Bi/Ag(111), and
Bi2Te3 (not shown here).

Before introducing our approach, some comments on the
purpose of the paper seem appropriate. Our aim is not to con-
sider all possible combinations of light polarization, incidence
direction, surface geometries (including, e.g., adlayers), etc.
We choose instead a system which lends itself to our study:
the Dirac-type surface state on W(110). Since its spin texture
and orbital composition are well known, any deviation of the
measured photoelectron’s spin polarization from that of the
surface state can be attributed to the photoemission process.
This allows us to introduce and to check our proposal in full
clarity.

The dependence of spin-resolved photoemission intensities
on various parameters has been determined by theory, with var-
ious degree of sophistication (to name a few, Refs. [20,51,52]).
A comparison of results obtained from sometimes elaborate
formulas with their experimental equivalents allows us to
extract the spin polarization that is attributed to the photo-
emission process. This has convincingly been demonstrated
for Gd by Cherepkov and Fecher [8], with emphasis on atomic
levels. However, such a comparison could become involved
and could require additional input (e.g., from photoemission
calculations). In this respect, our purposely simpler approach
might be viewed as “self-contained.” Although the spin polar-
ization of photoelectrons is governed by a number of effects,
the measured intensities contain information on the initial-
state spin polarization, which therefore can be extracted by
a symmetry-based recipe.

This paper is outlined as follows. In Sec. II we provide the
details of the electronic-structure and photoemission calcula-
tions as well as the photoemission experiments. Section III
introduces the photoemission setups (Sec. III A) and presents
spin- and angle-resolved photoemission data for W(110)
(Sec. III B); we then proceed with a detailed analysis of these
results (Sec. III C). Furthermore, we briefly discuss a chiral
setup (Sec. III D). Conclusions are given in Sec. IV. In the
Appendix data for linearly polarized light are briefly presented.

II. THEORETICAL AND EXPERIMENTAL ASPECTS

The calculations of the surface electronic structure and of
the photoemission intensities follow closely those of Ref. [48];
therefore, we merely repeat the essentials in brief and refer to
that publication for details.

The electronic structure of the semi-infinite system has
been calculated within the framework of the spin-density
approximation to density-functional theory. In a first step,
ab initio potentials were computed within a full-potential
all-electron method [53] and were subsequently transferred
to our computer code for relativistic multiple-scattering cal-

culations, the latter relying on so-called muffin-tin potentials.
This Korringa-Kohn-Rostoker code solves the Dirac equation;
hence, relativistic effects, in particular the spin-orbit interac-
tion, are fully taken into account. The result is the site-resolved
spectral density

Ni (E + iη, k‖) = − 1

π
Im Tr Gii (E + iη, k‖), (1)

which is computed from the site-diagonal block Gii of the
Green’s function of the semi-infinite system (i site index).
η accounts for the lifetime broadening and is chosen as in
the photoemission calculations. Surface relaxations have been
considered as well [54].

The spectral density Ni gives access to the degree of
spin polarization for a given spin-quantization axis (SQA) μ,
for example, μ = x, y, or z. In the following we show spin
differences

Ni;↑μ(E + iη, k‖) − Ni;↓μ(E + iη, k‖), (2)

in which spin up (↑) and spin down (↓) are defined with
respect to the chosen spin-quantization axis μ. We prefer spin
differences to spin polarizations because they are small for
small intensities, thereby avoiding sizable spin polarizations
in regions with small intensities.

Spin-resolved photoemission intensities have been com-
puted within the relativistic one-step model of photoemission,
as formulated in multiple-scattering theory [7,10]. Many-
particle effects are taken into account by a heuristic self-energy,
whose imaginary part leads to broadening of the intensity
maxima (lifetime broadening) and to a finite escape depth of
the photoelectrons [2]. The result is intensities I↑μ and I↓μ that
are spin resolved with respect to the chosen spin-quantization
axis μ. Spin differences in the photoemission intensities are
given as �μ = I↑μ − I↓μ.

For the experimental data, a clean W(110) surface was
obtained using the same procedures as described in the lit-
erature [44]. The surface quality was confirmed by a sharp
(1 × 1) low-energy electron diffraction pattern with low back-
ground intensity, which reflects the C2v symmetry, and by
Auger electron spectra. The photoemission experiments were
performed at beamline BL-9B of the Hiroshima Synchrotron
Radiation Center (HiSOR), which is equipped with highly
efficient three-dimensional spin-polarization analysis of the
ESPRESSO (Efficient SPin REsolved SpectroScopy Observa-
tion) machine [55]. Circularly polarized light of 43 eV energy
at an incidence angle of 50◦ with respect to the electron
analyzer was used in our study. Details of the experiment are
given elsewhere [56].

III. RESULTS AND DISCUSSION

To illustrate the approach, we address circularly polarized
light (with helicities σ±) that impinges off normally onto the
W(110) surface. The photoelectrons are always detected in the
�H mirror plane (xz plane; z surface normal), which hosts
the strongly spin polarized and linear dispersive Dirac-type
surface state.

Details of the Dirac-type surface state have been reported
in a considerable number of both theoretical and experimental
publications; a comprehensive analysis is given, for example,
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FIG. 1. Photoemission geometries used in the analysis of the
proposed recipe. (a) In the nonchiral geometry, light with photon
energy hν impinges within the xz plane (green) onto the surface
(gray); photoelectrons (e−) are also detected within this plane. (b)
In the chiral geometry, the light impinges within the yz plane, while
photoelectrons are detected in the xz plane. In both panels, the spin
polarization of the initial state is along the y axis. Concerning W(110),
the �H (�N ) azimuth refers to the xz (yz) plane.

in Refs. [47,49]. Thus, its spin texture is well understood: in
the �H azimuth the spin-polarization vector is perpendicular
to this mirror plane (along +y or −y); this feature, dictated
by (mirror) symmetry, is fully confirmed by group theory and
electronic-structure calculations.

A. Photoemission geometries

We apply the recipe to two “generic” geometries (Fig. 1).
In both of them, the electron detection is within the �H mirror
plane (xz plane), the initial-state energy is fixed (E − EF =
−1.1 eV), and the photon energy is hν = 43 eV.

In the nonchiral geometry, the light impinges also within
the �H plane [Fig. 1(a)]; the light incidence direction, surface
normal, and electron detection direction are coplanar. The
angle between the light incidence and the lens axis of the
electron spectrometer is fixed at 50◦; hence, intensities for +kx

differ from those for −kx .
In the chiral geometry the light impinges within the �N

plane (yz plane) onto the surface [Fig. 1(b); the vectors of light
incidence direction, surface normal, and electron detection
direction span a finite volume, hence the term “chiral”]. Since
the �N plane is also a mirror plane of the surface, the relation
I (σ±, kx ) = I (σ∓,−kx ) holds, and we expect dichroism, i.e.,
I (σ±, kx ) �= I (σ∓, kx ).

B. Photoemission experiments and calculations

To motivate the proposed recipe, we compare experimental
and theoretical photoemission spectra for W(110) for the
nonchiral geometry. For linearly polarized light, the agreement
of experimental and theoretical spectra has been proved in a
recent publication [50]. Concerning the circularly polarized
light chosen here, we refer to spin-resolved intensity maps of
the �H line in Fig. 2 [56].

The Dirac-type surface state (DSS) is clearly identified
by its linear dispersion. The spin differences �y for the
spin-quantization axis y (middle panels of Fig. 2) reveal its
typical spin texture, that is, a sign reversal when turning kx

into −kx . On top of this, this spin texture is robust against
helicity reversal: it is, at first sight, unchanged. This finding
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FIG. 2. Experimental and calculated spin-resolved photoemis-
sion in the nonchiral geometry from W(110) for the �H azimuth.
Spin differences are shown by the color scale (blue: positive; white:
zero; red: negative). (a) Spin differences for the spin-quantization axes
x, y, and z (from top to bottom) and left-handed circularly polarized
light. (b) Spin differences as in (a), but for right-handed circularly
polarized light [56].

suggests a strong initial-state spin polarization and a moderate
effect of optical orientation.

For the spin-quantization axis z we find a change of sign
with kx and with helicity (bottom panels of Fig. 2). This finding
points to a mixture of intrinsic spin polarization and optical
orientation. Thus, it is hard to conclude on the degree of the
initial-state spin polarization without further analysis. As we
will see below, this spin difference can be exclusively attributed
to optical orientation.

The spin differences for the spin-quantization axis x (top
panels of Fig. 2) are symmetric in kx but change sign upon
helicity reversal, which is a clear hint of their origin, namely,
optical orientation.

The experimental intensity distributions are reproduced by
the theoretical calculations, which puts the following analysis
on a firm basis.

C. Analysis of the nonchiral geometry

1. Symmetry analysis

As a first step, we perform a symmetry analysis of the
nonchiral photoemission geometry. The light is incident within
the xz mirror plane of the semi-infinite system. Upon reflection
at the xz plane, the y component of the electric field vector
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TABLE I. Symmetry analysis for circularly polarized light inci-
dent in the xz plane and photoelectron detection in the xz plane (ky =
0). Here 1, mxz, and myz denote the trivial and reflection operations,
respectively, and C2 is the rotation by 180◦ about the z axis. The
electric field vector of the incident light reads E = (Ex,Ey, Ez ), and
that of the photoelectron spin polarization reads P = (Px, Py, Pz ).

Operation Light Photoelectron

1 Ex Ey Ez σ± kx Px Py Pz

mxz Ex −Ey Ez σ∓ kx −Px Py −Pz

myz −Ex Ey Ez σ∓ −kx Px −Py −Pz

C2 −Ex −Ey Ez σ± −kx −Px −Py Pz

E = (Ex,Ey,Ez) changes sign (row mxz in Table I), which
also reverses the helicity from right-handed (σ+) to left-handed
(σ−) or vice versa.

The spin polarization P is a pseudovector, which implies
that its coplanar components (Px and Pz) change sign under
the reflection mxz and Py is conserved. On the one hand, this
tells us that the spin polarization of all initial states in the xz

mirror plane, in particular of the Dirac-type surface state, is
along the y axis (normal to the mirror plane; its degree remains
unspecified). On the other hand, the analysis tells us how to
combine spectra taken for both helicities to retrieve P .

2. Intensity differences

In the following, ↑ and ↓ refer to a chosen spin-
quantization axis μ, where μ = x, y, or z. Having cho-
sen a spin-quantization axis μ, one measures the intensi-
ties I↑μ(σ+), I↓μ(σ+), I↑μ(σ−), and I↓μ(σ−) for a specified
(E, kx ). This allows us to define the cumulative photocurrent

I0 ≡ I↑μ(σ+) + I↓μ(σ+) + I↑μ(σ−) + I↓μ(σ−) (3)

and three intensity differences. The latter are easily derived
from a decomposition of the intensities into intrinsic and
extrinsic parts, I = Iint + Iext. Iext changes sign upon helicity
reversal, while Iint does not; in other words, Iext stems from
optical orientation, and Iint stems from the initial-state spin
polarization.

(i) In the “intrinsic” intensity difference

�int ≡ I↑μ(σ+) − I↓μ(σ+) + I↑μ(σ−) − I↓μ(σ−), (4)

which is the sum of the spin differences �μ(σ+) + �μ(σ−), the
effect of the light helicity is averaged out. If the photoemission
process itself (“optical orientation”) were to produce no spin
polarization of the photoelectrons, then the spin-resolved in-
tensities would not depend on the helicity: I↑μ(σ+) = I↑μ(σ−)
and I↓μ(σ+) = I↓μ(σ−). Hence, �int captures the intrinsic spin
difference, i.e., that of the initial state.

(ii) With the “extrinsic” intensity difference

�ext ≡ I↑μ(σ+) − I↓μ(σ+) − I↑μ(σ−) + I↓μ(σ−), (5)

which is the difference between the spin differences �μ(σ+) −
�μ(σ−), one detects the effect of the optical orientation. For
perfect optical orientation, I↑μ(σ+) = I↓μ(σ−) and I↓μ(σ+) =
I↑μ(σ−). Then �ext would be the extrinsic spin difference, i.e.,
that due to the photoemission process itself.

(iii) The “dichroic” intensity difference

�dich ≡ I↑μ(σ+) + I↓μ(σ+) − I↑μ(σ−) − I↓μ(σ−) (6)

captures the dichroism, that is, the change of the spin-integrated
photocurrents with respect to reversal of the light helicity. In
a highly symmetric geometry, �dich would vanish. It therefore
provides a kind of measure for the quality or for the suitability
of the geometry.

3. Application of the recipe

We now apply the analysis to the nonchiral geometry
(Fig. 3). The cumulative photocurrent I0 shows two prominent
maxima that stem from the Dirac-type surface state [marked
DSS in Fig. 3(a)]; the other maxima at polar angles θe of about
±9◦ are due to emission from a bulk band edge.

For all spin-quantization axes, the dichroic intensity dif-
ferences vanish, which suggests strongly that this geometry
is appropriate for spin retrieval. On top of this, for SQA x

[Fig. 3(b)] and SQA z [Fig. 3(d)] there is only a nonzero
extrinsic intensity difference, which tells us that the associated
photoelectron spin polarizations are exclusively brought about
by optical orientation, which is fully in line with the symmetry
analysis (Sec. III C 1). Note that �ext for the spin-quantization
axis x is very strong and almost as large as the intrinsic intensity
difference for the spin-quantization axis y.

That the nonchiral geometry “works properly” is estab-
lished by the fact that only �int is nonzero for the spin-
quantization axis y, which exhibits the prominent plus-minus
feature at the DSS positions. �int coincides astonishingly well
with the spin difference �y of the initial state [dashed line in
Fig. 3(c)]. The latter is obtained from the spin-resolved spectral
density (SD) of the outermost W layer. The deviations of the
spectral density and the intrinsic photoemission asymmetry are
attributed to the transition matrix elements.

Knowing that the initial-state spin polarization Py changes
sign when turning kx into −kx (due to time-reversal symmetry;
Table I) suggests “postprocessing” or ’‘antisymmetrizing”
�int. The result is depicted in Fig. 3(c) as a dashed blue line
(labeled int procd) and fits the spectral density very well, in
particular in the region of the surface state.

We briefly recapitulate the recipe. (i) Perform a symmetry
analysis of the setup. This requires only basic information
on the photoemission setup and on the surface geometry. (ii)
With the symmetry analysis at hand, define photoemission
intensity differences. (iii) Analyze and interpret the intensity
differences that have been computed from the measured spin-
resolved intensities. (iv) If possible and desired, postprocess
the (intrinsic) intensity differences.

4. Limitations of the recipe

From the above one might be tempted to conclude that the
recipe is kind of a panacea; that is definitely not the case, as
we will show now. The reason for interpreting the results with
care is that the transition matrix elements still govern the (spin-
resolved) intensities, and the effects of the transition matrix
elements cannot be completely removed by taking intensity
differences.

The intensities depend on details of the involved electronic
states, which change with energy and wave vector. For a
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FIG. 3. Theoretical photoemission in the nonchiral geometry.
(a) Cumulative intensity I0, defined in Eq. (3). DSS marks the intensity
maxima of the Dirac-type surface state. (b)–(d) Intensity differences
�int (blue) and �ext (green), defined in Eqs. (4) and (5), for the spin
quantization axes x [SQA x, panel (b)], y [SQA y, panel (c)], and
z [SQA z, panel (d)]; vanishing intensities are not shown. The blue
dashed line (int procd) in (c) reproduces the symmetrized intrinsic
asymmetry, whereas the black dashed line (SD) is the initial state’s
spin difference in the topmost W layer scaled roughly to match the
black dashed spectrum. θe is the polar angle of electron detection.
Details of the setup are given in the text. The dichroic intensity
differences are zero for this geometry.

constant-energy cut, a variation of the photon energy is equiv-
alent to a change in the final state (outgoing photoelectron).
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FIG. 4. Theoretical photoemission in the nonchiral geometry for
selected photon energies. (a) Cumulative intensities I0 for photon
energies from 13 to 43 eV (as indicated by color). (b) Intrinsic intensity
differences �int for the spin-quantization axis y. Intensities share a
common scale.

For moderate photon energies [23, 33, and 43 eV in Fig. 4(a)]
emission from the Dirac-type surface state is strong, in contrast
to that for 13 eV (red in Fig. 4), for which the surface state
shows up as broad maxima. This weak intensity manifests itself
in the associated intrinsic intensity difference, which is compa-
rably weak [Fig. 4(b)]. Nevertheless, the prominent plus-minus
feature of the intrinsic spin polarization is clearly resolved.

A second caveat is due to orbital-selective dipole transitions.
The Dirac-type surface state is, for the most part, composed
of dz2 orbitals (which are aligned along the surface normal).
As a result, emission for circularly polarized light is weak if
the electric field E shows no sizable z component. This can be
understood in an admittedly rather crude picture by assuming a
single plane wave as the final state (photoelectron). A transition
matrix element can then be written as (E · k) ψz2 (k), that is, the
scalar product of electric field E and photoelectron wave vector
k times the Fourier-transformed dz2 orbital. For k close to the
surface normal (z axis), the dz2 orbital yields no significant
contribution to the photocurrent for (almost) normal incidence
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FIG. 5. Theoretical photoemission in the nonchiral geometry for
43 eV photon energy but selected polar angles θph of incidence. (a)
Cumulative intensities I0 for θph from 10◦ to 70◦ (as indicated by
color). (b) Intrinsic intensity differences �int for the spin-quantization
axis y. Intensities share a common scale.

of the light. Therefore, we expect that for polar angles of
incidence θph close to 0◦ the surface state’s intensity is weak,
and like before, the recipe does not work well.

This consideration is nicely confirmed by intensities
for a fixed photon energy of 43 eV but varied θph (Fig. 5).
The larger θph lead to strong intensities [Fig. 5(a)] and
pronounced plus-minus features in the intrinsic intensity
difference [Fig. 5(b)]. The exception is θph = 10◦: here the
in-plane orbitals of the Dirac-type surface state determine
both intensity and intrinsic intensity difference (red); the
plus-minus feature does not come out.

These findings suggest that the recipe works best when
the initial state under consideration shows strong intensities.
In each and every case, the results have to be interpreted
carefully. We note in passing that the decomposition into
intrinsic, extrinsic, and dichroic intensity differences works
perfectly in all cases discussed in this section.
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FIG. 6. Theoretical photoemission from the chiral geometry.
Intensity differences are as indicated in (b) (see also Fig. 3).

D. Analysis of the chiral geometry

It is worth addressing the suitability of the chiral geometry
for spin retrieval. The intensity differences are obtained from
spectra for circularly polarized light incident within the +yz

and −yz azimuths; these setups are related by mxz (Table I).
Alternatively, one could use spectra for light incidence within
the +yz azimuth but with reversed kx (setups related by myz).

The intrinsic intensity differences �int are nonzero for
all three spin-quantization axes (SQA; Fig. 6). This finding
suggests that the Dirac-type surface state should possess
nonzero Px and Pz, which contradicts the symmetry analysis
(Sec. III C 1; only Py should be nonzero). The intrinsic intensity
difference for SQA y [Fig. 6(b)] shows a dominating plus-
minus feature at the positions of the DSS which complies with
the spin texture of this surface state (a change in sign upon
reversing θ or kx ; Table I). However, the intensity differences
contain signatures that render this geometry inferior for extract-
ing the initial-state spin texture: there are nonzero extrinsic and
dichroic intensity differences for all spin-quantization axes.

Recall that Py of the surface state is very large, which
is reflected in the pronounced intrinsic intensity difference
for the spin-quantization axis y. Thus, one might be tempted
to conclude that the chiral setup is suitable. However, one
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should be aware that, usually, the degree of spin polarization
is a priori unknown if only experimental intensities are
available.

IV. CONCLUDING REMARKS

With a focus on systems with strong spin-orbit coupling,
we proposed a recipe which puts the retrieval of the spin
polarization of initial states from spin- and angle-resolved
photoemission data on a more solid basis. The basic idea is
to derive intensity differences from a symmetry analysis of the
photoemission setup. The intensity differences are computed
from photoemission intensities from different photoemission
experiments, for example, for two different light helicities.
This procedure improves the spin retrieval, and it avoids
tedious group-theoretical analyses or demanding relativistic
photoemission calculations.

The manipulation of the spin polarization by photoemission
has been investigated for Rashba systems and topological
insulators (e.g., Ref. [57]). In these publications, the mea-
sured spin polarization is often compared to that obtained by
electronic-structure calculations. The approach suggested in
this paper does not require the calculations; relying solely on
the measured intensities, the extrinsic and intrinsic contribu-
tions are estimated on equal footing.

An essential question remains: Why are the experimental
data (Fig. 2) used to motivate but not to test the recipe?
The proposed analysis hinges on accurate determination of
photoemission intensity differences, which requires that the
intensities obtained for both circular polarizations are compa-
rable in absolute value. This condition can be fulfilled if either
the photon flux is constant and the surface conditions of the
sample are stable or the circular polarization of the light is
switched on a rather fast timescale for each data point. Since
in our experiment the photon flux decreased with time and the
spectra for right- and left-circularly polarized light were taken
successively, intensity differences cannot be reliably deduced.
Nevertheless, spin-resolved photoelectron spectroscopy with
circularly polarized light at third-generation synchrotrons with
stable photon flux and fast switching of the circular polarization
promise successful use of the proposed recipe: the experimen-
tal retrieval of the initial-state spin polarization from spin- and
angle-resolved photoelectron spectroscopy without the help of
photoemission calculations.

APPENDIX: NONCHIRAL GEOMETRY AND
p-POLARIZED LIGHT

We briefly address the nonchiral geometry for p-polarized
light. Since the angle between electron detection and light
incidence is fixed (50◦), the intensity is asymmetric, I (kx ) �=
I (−kx ). This suggests combining intensities for kx and −kx to

Δ
(a

rb
.

u
n
it

s)

θe(
◦)

SQA y

FIG. 7. Theoretical photoemission from the nonchiral geometry
but with p-polarized light. Intensity differences are as indicated. Only
data for the spin-quantization axis (SQA) y are shown.

define the intensity differences,

�int ≡ I↑μ(+kx ) − I↓μ(+kx ) − I↑μ(−kx ) + I↓μ(−kx ),

(A1)

�ext ≡ I↑μ(+kx ) − I↓μ(+kx ) + I↑μ(−kx ) − I↓μ(−kx ),

(A2)

�dich ≡ I↑μ(+kx ) + I↓μ(+kx ) − I↑μ(−kx ) − I↓μ(−kx ).

(A3)

�dich reflects the mentioned kx asymmetry of the intensity.
For all three spin-quantization axes, the dichroic intensity

differences are nonzero, are antisymmetric in kx , and exhibit
identical shape (red line in Fig. 7; only data for SQA y are
shown). The other intensity differences are zero for spin-
quantization axes x and z.

In addition to its dichroic part, the spin difference along y

is composed of two contributions: the extrinsic contribution
(green line) is due to the photoemission effect predicted in
Ref. [15]; it is symmetric in kx . The intrinsic one is due to
the Dirac-type surface state (blue line) and fits nicely the
spin difference obtained from the spectral density (dashed
line). Thus, we conclude that the proposed approach works
reasonably well but is inferior to the nonchiral geometry with
circularly polarized light.
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