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Rashba-split surface state and spin-dependent photon emission from Re(0001) at �
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The unoccupied electronic structure of the Re(0001) surface is investigated by spin- and angle-resolved inverse
photoemission, experimentally and theoretically. The work is focused on the states around the center of the
surface Brillouin zone �, where a hole pocket of a surface state with Rashba-type spin splitting is detected.
Furthermore, we observe spin-dependent photon emission from unpolarized surface and bulk states at �. The
size and sign of the spin asymmetry depends on experimental parameters such as the direction of the electron
spin polarization and the photon detection angle. Maximum (zero) spin asymmetry is detected if the electron
spin polarization and the plane of photon emission are perpendicular (parallel). The effect is traced back to
spin-orbit-induced hybridization of the involved states.
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I. INTRODUCTION

Spin-orbit-induced photoelectron spin polarization from
nonmagnetic samples has been studied for about three decades
with continuing interest and fascinating outcome until this
day [1–3]. One research focus is the determination of the
intrinsic spin polarization of the states under investigation.
However, there are also extrinsic effects that influence the
spin polarization of the emitted and detected photoelectrons
caused by the matrix elements of the optical transition, where
not only the initial state but also the final state as well as
experimental parameters such as light polarization and sample
orientation enter. The same is true for inverse photoemission,
the time-reversed process, which is used to investigate the
unoccupied electronic states above the Fermi level [4]. As a
consequence, another research focus developed, where the in-
fluence of the experimental conditions on the experimentally
obtained spin information is examined in detail. In particu-
lar, states with mixed orbital symmetries are candidates for
spin effects in experiment different from the intrinsic spin
polarization [5–10]. Even at high-symmetry points such as
points with time-reversal invariant momenta, spin effects can
occur [11].

A wealth of information has been gathered about the metals
of the sixth period of the periodic table with high atomic num-
ber and, as a consequence, considerable spin-orbit-coupling
(SOC): Ta and W with body-centered-cubic structure and Ir,
Pt, and Au with face-centered-cubic structure. The two ele-
ments in between, Re and Os with hexagonal-closed-packed
(hcp) structure, have been almost slighted so far. At the sur-
face of all these materials, the broken inversion symmetry in
combination with SOC leads to spin splittings of electronic
states. This effect is called Rashba effect [12] and has been
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verified at several surfaces, first of all at the prototypical
sp-type surface state in the L gap of Au(111) [13–16]. Ta
and W exhibit d-derived spin-dependent surface states from
Rashba-like states to even topologically protected states with
linear dispersion and helical spin texture [17–21]. For hcp
Re(0001), recent experiments detected a Rashba-split surface
state in the occupied band structure that crosses the Fermi
energy near the � point and is predicted to have a hole pocket
around � [22].

In this paper, we study the spin-dependent unoccupied
electronic structure of Re(0001) around � with spin-and
angle-resolved inverse photoemission (IPE) and theoretical
calculations for the band structure as well as for the IPE
spectra. Our motivation is twofold. First, we want to detect the
unoccupied part of the surface state and reveal its intrinsic spin
structure. Second, we aim at testing theoretical predictions for
extrinsic spin effects in measurements of unpolarized states
at � by varying experimental parameters: rotating the spin
polarization of the incoming electrons and using several pho-
ton detectors positioned at different angles with respect to the
sample. For fcc(111) surfaces at �, spin effects are predicted
for states with mixed orbital symmetries [5]. We can apply
this work to hcp(0001) because the bands with wave vector
perpendicular to the surface have also � symmetry. A detailed
analysis of the symmetry of the involved states allows us to
understand the spin-dependent photon emission obtained from
unpolarized states at Re(0001)-�.

II. EXPERIMENT

All experiments have been performed in an ultrahigh-
vacuum apparatus with a base pressure of <5 × 10−11 mbar.
The unoccupied electronic states have been investigated via
spin and angle-resolved IPE [23]. For excitation, we used
a rotatable spin-polarized electron source (ROSE) based on
photoemission from GaAs with a spin polarization P of
29% [24]. For normal electron incidence on the sample, the
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in-plane spin polarization can be rotated freely. In addition,
the polar and azimuthal angles of the sample can be varied.
The emitted photons from optical transitions into unoccupied
states are detected by several bandpass detectors, all with a
detection energy of h̄ω = 9.9 eV [25], yet positioned at dif-
ferent detection angles as described in Ref. [26] and sketched
in Figs. 3 and 4. C1 is located at an angle of 70◦ within
the measuring plane on one side of the electron beam, while
the measuring plane is spanned by the electron beam and
the surface normal. C2 is located at an angle of 35◦ out of
the measuring plane, symmetrically with respect to positive
and negative θ . C3 is located at an angle of 65◦ in and 32◦
out of the measuring plane (i.e., 69◦ with respect to the elec-
tron beam) on the other side of the electron beam compared
with C1. For negative angles θ , the surface normal is rotated
towards C1. For positive angles, the sample is rotated in the
opposite direction towards C3, whereby it should be noted
that C3 is not located within the measuring plane. The overall
energy resolution of the setup is about 400 meV, while the
angular resolution of the electron beam is �θ = 3 ◦ [24,27].
The electron beam is about 2 mm in diameter.

The Re(0001) sample was obtained from MaTecK GmbH
(Germany). The surface was cleaned by cycles of heating
in an oxygen atmosphere (3 × 10−8 mbar) at 1400 K and
subsequent flashing to 1800 K [28]. The surface quality was
evaluated by Auger electron spectroscopy, with a small to
vanishing carbon signal as sensitive criterion for cleanness,
and by low-energy electron diffraction (LEED) for crystalline
order at the surface. LEED experiments revealed that the
surface persists of stripelike crystallites with a width of about
2 mm and tilt angles up to 1◦ between two crystallites. As a
consequence, a LEED map of the sample surface was gener-
ated in order to find large single-oriented crystallites having
a small tilt angle to neighboring crystallites of less than 0.5◦,
which is well below the angular resolution of our IPE setup.
All IPE experiments were performed at room temperature on
parts of the sample surface meeting the described criteria.

III. THEORY

We employ density-functional theory (DFT) with the local-
density approximation (LDA) [29] to obtain the ground-state
properties of the system. These calculations [30] are per-
formed employing nonlocal norm-conserving pseudopoten-
tials in the separable Kleinman-Bylander form [31] including
scalar-relativistic corrections and spin-orbit coupling (SOC)
[32]. The electronic wave functions are represented by Gaus-
sian orbitals with s, p, and d symmetries and decay constants
of 0.10, 0.35, and 1.07 (in atomic units) for each symmetry
type. The Re(0001) surface is described within the supercell
approach. We use a slab of 40 Re layers and a vacuum of
22 Å is employed to decouple neighboring slabs. In struc-
ture optimizations, the outmost eight layers are allowed to
relax. Brillouin zone integrations are carried out using a
12 × 12 × 1 Monkhorst-Pack mesh [33] for the slab calcula-
tions. In the case of bulk Re, a mesh of 12 × 12 × 6 points is
employed.

We obtain a bulk lattice constant of a = 2.749 Å and a
c/a ratio of 1.621. These values are close to the results of
Urru and Dal Corso [34] (a = 2.739 Å, c/a = 1.611). The

experimental findings are a = 2.761 Å and c/a = 1.615 [35].
In our structure optimization for Re(0001), we find a com-
pression of the distance between the two outmost layers
by 5.6% with respect to the ideal interlayer distance and
an expansion by 2.5% for the distance between the sec-
ond and third layer. These values are close to the results
of Urru and dal Corso [34] (5.4%, 2.9%). Experimentally,
there is indication that the distance between first and sec-
ond atomic layer is contracted by about 5% [36]. In our
calculations, the distances of the next layers turn out to
be decreased by 1.8% and increased by 0.7%, respectively.
The slight underestimation of the lattice constant is typical
within DFT-LDA. We have also performed calculations based
on the generalized gradient approximation (GGA) [37]. The
resulting lattice constant of a = 2.809 Å overestimates the
experimental ones as expected. The results for the structural
relaxations (−5.8%,+2.7%,−2.0%,+0.9% changes of the
distances with respect to the GGA interlayer distances) are
very similar to the corresponding values obtained in DFT-
LDA. The band structure resulting in DFT-GGA is also very
close to that in DFT-LDA.

In addition to the supercell calculations, we have employed
the scattering-theoretical method to calculate the surface band
structure. This approach is also used in the simulation of the
IPE by calculating the intensity for a dipole-allowed transi-
tion between the initial states with energy Ei, i.e., incoming
electrons, and the final states at E f , i.e., unoccupied Bloch
states states below the vacuum level. This approach solves the
Kohn-Sham equations for a semi-infinite system by treating
the Rhenium surface as a two-dimensionally periodic pertur-
bation of the total system. To represent the perturbation, the
wave functions inside as well as outside [38] the crystal are
expanded in terms of Gaussian orbitals. The corresponding
secular equation is solved by calculating its Green’s function
G which is energy-, wave-vector-, and spin-dependent. G(E f )
allows us to determine bound final states as well as surface
resonances with high spectral resolution. The initial state |ψi〉
resulting from the scattering of an incoming electron’s plane
wave with spin S (decoded in the corresponding spinor) at the
surface is deduced from G(Ei ). The calculational procedure
is similar to the evaluation of ballistic electron transport [39]
at the interface between two crystals. We have described the
formal treatment and computational procedure of this method
in Refs. [40,41].

Within the dipole approximation, the intensity I for the
transition between the IPE initial and final states depends on
the direction of the vector potential A of the detected photons
in the experimental setup

I (A, S) ∼ Im 〈ψi(S)| A · ∇ G(E f ) A · ∇ |ψi(S)〉 (1)

In our approach, all wave functions and operators are repre-
sented in a Gaussian basis. To account for the decay of the
initial states due to many-body effects, a potential with an
imaginary part of 1.0 eV inside the Re crystal is employed
in the calculation of G(Ei ). Due to the decay of the initial
states into the crystals and the decay of the final states into
the vacuum, a numerically converged evaluation of Eq. (1) is
achieved by considering contributions from orbitals localized
in a region of 44 Å inside the crystal and 22 Å above the
surface.
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FIG. 1. (a) Density-functional-theory calculations of the band
structure of Re(0001) along � K: surface-projected bulk-band struc-
ture (blue shaded areas), slab calculation (black solid lines),
spin-dependent surface-derived state around the Fermi energy (red
and blue dots, size of symbols represents spin polarization of up
to about 85%). (b) Orbital decomposition of bands at the � point
(square root of density of states) for the different double-group sym-
metries �4+5, �1

6, and �3
6. The square root is used to show the small

components of the densities of states, in particular the �1
6 part of B1,

more clearly. All curves are broadened by 20 meV.

IV. RESULTS AND DISCUSSION

A. Rashba-split surface state

Figure 1(a) presents a DFT calculation of the projected
electronic band structure of Re(0001) in the � K direction
around the � point. Black lines are results of the slab calcu-
lation; blue-shaded areas show surface-projected bulk bands.
Surface states are represented by blue- and red-dotted lines,
where the dot size denotes the expectation value of the elec-
tron spin polarization. A rather large band gap opens above
4 eV, in which—in experiment—an image-potential-induced
surface state (IS) is observed, which is, however, not described
by a DFT calculation. Another band gap is visible between 0.1
and 0.5 Å−1 below the Fermi energy, which hosts a surface
state SS, showing a Rashba splitting with spin polarization
values of up to about 85%. This state crosses the Fermi
energy and becomes unoccupied around �, where no gap
exists anymore for this state. These findings agree with former
theoretical work [34].

Figure 1(b) shows the density of states at � in the first six
atomic layers decomposed for different double group sym-
metries. SS has mainly �1

6 symmetry with contributions of
�3

6 and �4+5 symmetries. Beside SS, two additional features
B1 at 3.2 eV and B2 at 3.8 eV stand out. B1 has mainly �3

6
symmetry, some contributions of �4+5 and only small contri-
butions of �1

6, whereas B2 has almost pure �4+5 character.
Note that B1 and B2 consist of two peaks separated by about
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FIG. 2. (a) Scheme of the atom positions in the first two layers
of Re(0001) and LEED pattern. (b) Spin-integrated IPE spectrum
for normal electron incidence (sum over several counters). (c) Spin-
resolved IPE spectra of the surface state SS for various angles of
electron incidence θ along � K, obtained with counter C3. For posi-
tive angles of incidence, the intensity for spin-up electrons dominates
the spectra, while spin down dominates for negative angles.

100 meV. For both states, the high-energy peaks are surface
related, while the contributions at lower energies represent
bulk states.

The unoccupied part of the surface state is expected to
appear within 0.5 eV above the Fermi energy. As a conse-
quence, the finite energy resolution of IPE will influence the
experimental observation with respect to peak positions and
intensities [42]. At normal electron incidence, no splitting
and, thus, no spin-dependent spectral intensity is predicted.
For positive k‖, the surface-state branch with spin-down polar-
ization (blue) is lower in energy than spin up (red), resulting
in lower intensity for spin down in comparison with spin up
due to the Fermi level cutoff. For negative k‖, this behavior is
reversed so that spin down should have higher intensity than
spin up.

Figure 2(a) shows a scheme of the sample geometry and a
LEED pattern of Re(0001) representing the reciprocal space.
Due to the second atomic layer with B atoms below the
surface layer with A atoms, the sixfold symmetry is broken
and a threefold symmetry remains. At variance with this ex-
pectation, the threefold symmetry cannot be observed in the
LEED pattern of this hcp(0001) surface, which is in contrast
to fcc(111) surfaces. Since a real sample surface has always
(one-atomic) steps and terraces, A and B atoms are forming
the topmost layer alternatingly in a random fashion. As a con-
sequence, an apparent sixfold symmetry arises in the LEED
patterns.

205425-3



SVEN SCHEMMELMANN et al. PHYSICAL REVIEW B 104, 205425 (2021)

Figure 2(b) presents a spin-integrated IPE spectrum for
normal electron incidence, where the data have been obtained
by a summation over several counters. The spectrum shows
four different states. The feature just above the Fermi energy
with high intensity, which reacts sensitively to surface con-
tamination, originates from the surface state SS, the peak at
4.75 eV is attributed to an image-potential-induced surface
state IS. The spectral feature in between the two surface states
consists of two contributions B1 at 3.15 eV and B2 at 3.7 eV
that are not clearly resolved experimentally. B1 and B2 are
attributed to the bands predicted in Fig. 1(b) and, therefore,
labeled accordingly. The parabolic E (k‖) dispersion of IS was
used to calibrate normal electron incidence.

A series of spin-resolved IPE spectra of SS for various
angles of electron incidence in the � K direction of the surface
Brillouin zone is shown in Fig. 2(c). θ = 10◦ corresponds
to k‖ = 0.2 Å−1 at the energy of SS. The spectra have been
obtained from counter C3. The intensities are highest around
normal electron incidence, while decreasing intensities are
observed upon increasing positive and negative angles. No
pronounced peak shifts are detected because all features ap-
pear close to the Fermi level onset within the experimental
energy resolution. The maximum energy amounts to about
0.25 eV around normal electron incidence tending to lower
energy for off-normal incidence. However, pronounced spin-
dependent intensities are detected. For positive angles, the
intensity for spin-up electrons dominates the spectra, while
this behavior is reversed for negative angles. These findings
match with the expectations discussed above for a Rashba-
split state that disperses towards lower energy, crossing the
Fermi energy and becoming occupied. In summary, we de-
tected the empty part of the Rashba-split surface state SS
around � on Re(0001).

There is, however, one observation that challenges the sim-
ple picture discussed so far. The excess spin-down intensity
for negative angles is preserved beyond normal incidence.
Spin-up intensity dominates until the electrons impinge at
finite positive angles. In other words, we observe spin-
dependent IPE intensities of an unpolarized final state at the
high symmetry � point. This effect of spin-dependent photon
emission from unpolarized states will be addressed in the
following section.

B. Spin-dependent photon emission at �

To understand the, within the simple Rashba model, unex-
pected spin asymmetry for normal electron incidence in the
IPE spectra of SS, we performed detailed IPE measurements
with three counters at different positions. Figure 3 shows
the spin-dependent intensities of SS at constant energy (E −
EF = 0.15 eV) as a function of the angle of electron incidence
θ for C1, C2, and C3. The different photon detection geome-
tries are sketched in the upper part of the figure. The angular
distribution curves (ADCs) in Fig. 3 are only symmetric with
respect to θ = 0 for C2, which is located symmetrically for
positive and negative θ . C1 (C3), however, exhibits intensity
asymmetries in the ADCs with higher intensities for negative
(positive) angles.

Furthermore, the data for the spin asymmetry A = (↑ −↓)/
(↑ + ↓), shown in the lower part of the figure, corroborate
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FIG. 3. Spin-resolved IPE intensities of SS at constant energy
(E − EF = 0.15 eV) and corresponding spin-asymmetry data as a
function of θ around normal incidence, measured with three counters
C1, C2, and C3 at different photon takeoff angles as sketched in the
upper part of the figure.

the observation that the photon detection angle influences the
experimental outcome significantly. We focus our attention
on small angles around normal electron incidence (nonshaded
area in Fig. 3), i.e., around � in momentum space. The in-
tegral spin-asymmetry value within the interval −5◦ < θ <

+5◦ vanishes for C2 [A = (0.3 ± 0.8)%]. In contrast, the
value is clearly positive with A = (4.2 ± 0.8)% for C1 and
negative with A = (−3.7 ± 0.4)% for C3. The data for C3 un-
derline the observation of Fig. 2(c), where excess spin-down
intensity was detected around normal electron incidence. The
symmetric behavior of C2 is confirmed by spin-dependent
parabolic fits (blue and red lines in Fig. 3), shifted in θ and
intersecting at θ = 0. The tendency of the absolute value of
A being smaller for C3 than for C1 may originate from the
fact that C3 is in a position of lower symmetry compared
with C1.

Our results show that the IPE intensity for SS at nor-
mal electron incidence, where SS has no intrinsic spin
polarization, shows nonzero spin asymmetry for certain
photon-detection geometries. The result of nonzero spin
asymmetry around normal electron incidence obtained with
counter C3 in Fig. 2(c) is neither a consequence of insufficient
statistics nor incorrect alignment of the sample. In contrary,
the spin asymmetry does not change significantly for a few
degrees around normal electron incidence. As a consequence,
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FIG. 4. Spin-resolved IPE spectra of Re(0001) at normal electron incidence for different configurations of electron spin polarization,
sample orientation, and photon detection angle: (a)–(c) spin polarization Py parallel � M, (d)–(f) Py parallel � K, and (g)–(i) Px parallel � K.
The spectra in (a), (d), and (g) have been measured with counter C1, (b), (e), and (h) with counter C2, (c), (f), and (i) with counter C3.
The various sample and spin-polarization geometries are sketched in the upper part of the figure; the counter geometries are displayed in the
gray-shaded part.

a small misalignment in θ is tolerable without changing the re-
sults. The observed effect is rather a consequence of lowering
the symmetry of the experiment by detecting the photons in
selected directions. The different geometries enter the transi-
tion matrix elements, even in our case of detecting unpolarized
light.

To dig deeper into this phenomenon, we extended our
measurements to the bulk-derived states B1 and B2 as well
as to further experimental geometries: rotation of the sample
and rotation of the spin polarization. All measurements were
obtained for normal electron incidence within experimental
uncertainty of ±2◦. In Fig. 4, we present a matrix of spin-
resolved IPE spectra. The first column (a) to (c) contains
spectra with spin polarization in y direction parallel to � M
(Py). For taking the spectra of the second column (d) to (f),
we rotated the sample by φ = 30◦, i.e., Py is now parallel to
� K. In the spectra of the third column (g) to (i), the sample
was rotated back but the spin polarization was rotated by
90◦, i.e., Px is parallel to � K. The three rows of the spectra
matrix in Fig. 4 present data for the three different counters
C1, C2, and C3. The various sample and spin-polarization
geometries are sketched in the upper part of the figure, while
the counter geometries are illustrated in the gray-shaded part
on the right-hand side.

For SS, we find in the first column (a) to (c) the already
described behavior: spin-up, zero, and spin-down asymmetry

for C1, C2, and C3, respectively. However, after rotation of
the spin polarization, the situation has changed. We find in
(g) to (i) zero, spin-down, and spin-down asymmetry for C1,
C2, and C3, respectively. Note that C3 is 32◦ out of the
measuring plane. We want to point out that the behavior of B1
is found inverted compared with SS: Where the asymmetry of
SS favors spin-up, B1 shows spin-down asymmetry and vice
versa. In the cases of zero spin asymmetry, this is true for both
SS and B1. In addition, we tested a sample rotation by 30◦
with no change at all on the spin asymmetry for B1, shown
in the second column of Figs. 4(d)–4(f). Remarkably, B2 does
not show any spin asymmetry, independent of the direction of
spin polarization and/or sample geometry.

Summarizing our observations based on the spectra in
Fig. 4, we detect spin-polarization effects in IPE data for
intrinsically unpolarized states, taken at normal electron inci-
dence. This effect does not depend on the sample orientation
but on the relative orientation of electron spin polarization and
photon-detection direction. In cases, where the spin polariza-
tion lies parallel to the plane of photon detection and electron
incidence, no spin asymmetry is detected. In all other cases, a
nonzero spin asymmetry can be detected which is opposite in
sign for the surface state SS and the bulk-derived state B1. No
spin asymmetry is observed for B2.

Based on our electronic structure calculations (see Fig. 1)
we calculated IPE spectra as described in Sec. III for the
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FIG. 5. Calculated IPE spectra of Re(0001) for normal electron incidence. A broadening of 400 meV is employed. The configurations of
electron spin polarization, sample orientation and photon detection angle are the same as in Fig. 4.

various experimental geometries concerning electron spin po-
larization, sample orientation, and photon detection angle.
The photon counters used in the IPE experiments average over
all components of the vector potential which are perpendicular
to the direction of photon propagation. To consider this fact,
the intensities in Fig. 5 resulting from Eq. (1) are averaged
accordingly [43]. The calculated IPE spectra are displayed
in Fig. 5, which is organized identically to the matrix of
experimental spectra in Fig. 4. Note that the intensities above
2.5 eV which comprise B1 and B2 are enlarged by a factor
of 15 compared to those at lower energies. The insets show
enlargements of the peak maxima to highlight the intensity
differences between spin up and spin down.

A comparison between experiment and theory shows that
all experimental findings are supported by the calculations: (i)
the existence/nonexistence of spin asymmetry as well as its
sign depending on the experimental geometry, (ii) the reversed
sign of the spin asymmetry for SS and B1, (iii) the observation
of spin asymmetry for SS and B1 but not for B2. Quantita-
tive differences are found with respect to state energies, IPE
intensities between SS and B1,2 as well as the size of spin dif-
ferences. The first is attributed to deficiencies of the DFT-LDA
approach, which is known to often overestimate the band-
widths in metals [44,45]. Concerning the latter differences,
we can only speculate. According to Fig. 1(b), the density
of states for SS and B1,2 are comparable in contrast to the
calculated IPE intensities. This may be caused by transition
probabilities from initial states, which are calculated based
on a surface barrier taken from the self-consistently derived

potential. This may lead to uncertainties in the initial states
above the vacuum level. Obviously, in the calculation, the
intensity of pz-derived states is overestimated. This effect may
also be responsible for the calculated smaller spin differences
than in experiment.

Experiment and theory agree in the observation of spin-
dependent off-normal photon emission from transitions into
intrinsically unpolarized states at �. Note that no polarization
analysis of the emitted photons was necessary to observe
this phenomenon. To understand this effect, we have to con-
sider the symmetry of the states. A corresponding effect has
been reported for photoemission: normal emission of spin-
polarized electrons excited by unpolarized light impinging
off-normally on nonmagnetic cubic (111) surfaces [5,6]. Since
the symmetry of the bands normal to cubic (111) surfaces is
the same as normal to an hcp(0001) surface, namely �, we
can transfer this analysis to our results on Re(0001). In the
former studies, spin-orbit-induced hybridization of states was
identified as the main cause. �1

6�
3
6 hybrids were involved in

the transitions, where spin-polarized electrons were emitted.
No azimuthal rotation dependence was predicted for initial
states of double-group symmetry �6. For states of �4+5

symmetry, a spin-orbit-induced spin-polarization effect is also
predicted, yet with azimuthal rotation dependence. However,
it is partially canceled for unpolarized light. In addition,
in our case with a sixfold symmetry of the surface due to
steps and terraces as described above, the spin-polarization
effect for �4+5 states is expected to vanish (see Fig. 1
in Ref. [5]).
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In the following, we apply this concept to our results for
SS, B1, and B2. B2 has predominantly �4+5 symmetry. As a
consequence, we do not expect considerable spin asymmetry
in the IPE spectra, in agreement with our theoretical and ex-
perimental results. SS and B1 are �1

6�
3
6 hybrids with different

ratios of the two components. The �4+5 contributions are
energy degenerate but do not hybridize with the �6 bands. An
IPE final state ψ f corresponding to such a hybrid is degenerate
with the time-reversed state ψ̃ f . Transitions from an initial
state ψ+

i (which is outside the crystal a plane wave) with a
spin polarization + (given by the experimental setup) to ψ f

and ψ̃ f on the one hand, and from an initial state ψ−
i with

an opposite spin orientation to the same final states otherwise,
can occur with different probabilities. This results from the
fact that ψ+

i and ψ−
i are not time reversed with respect to

each other because only incoming waves are involved in the
IPE process.

Due to the symmetry of the transition-matrix elements for
�1

6 and �3
6 basis functions, a spin-polarization effect results

that does not depend on the sample orientation and where
the spin polarization is perpendicular to the direction of pho-
ton emission [5]. Furthermore, it changes its sign for photon
detection from the opposite side. No spin asymmetry can
be detected if electron spin polarization and the plane of
photon emission are parallel. Maximum spin asymmetry is
expected, if the electron spin polarization and plane of photon
emission are perpendicular. Due to the individual contribu-
tions of �1

6 and �3
6 (size and sign) to the hybridized states

SS and B1, the transition matrix elements lead to different
spin-asymmetry effects, which are—in our case—opposite in
sign. All predictions described above are verified in our data:

(i) spin asymmetry for SS and B1 but not for B2, (ii) spin
asymmetry with opposite sign for C1 and C3, none for C2
[Figs. 4(a)–4(f)], (iii) no change of the spin asymmetry for
azimuthal rotation of the sample [Figs. 4(d)–4(f)], and (iv)
change of spin asymmetry after rotation of the electron spin
polarization [Figs. 4(g)–4(i)]. Note that the spin asymmetry
does not vanish in the configuration shown in Fig. 4(i) due to
the oblique counter position.

V. CONCLUSION

We investigated the unoccupied electronic structure of
Re(0001) around � by spin- and angle-resolved inverse
photoemission, experimentally and theoretically. A crystal-
induced surface state SS just above the Fermi level, an
image-potential-induced surface state IS below the vacuum
level, and two bulk-derived bands B1 and B2 were identified.
SS, which is a hole pocket just around �, shows a Rashba-type
spin texture. The spectra for SS and B1 at normal electron
incidence show considerable spin asymmetry, although the
states are intrinsically unpolarized. Based on a comprehen-
sive experimental and theoretical study for various geometries
concerning electron spin polarization, photon-detection di-
rection, and sample orientation, the observed spin-dependent
photon emission was traced back to spin-orbit-induced hy-
bridization of the involved electron states.
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