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Rashba-split image-potential state and unoccupied surface electronic structure of Re(0001)
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The influence of spin-orbit interaction on the unoccupied electronic structure of the Re(0001) surface is
investigated by spin- and angle-resolved inverse photoemission and density-functional theory calculations. In
the two high-symmetry azimuths T K and T'M, we identify transitions into d-derived bulk states as well
as different types of surface states. The Rashba-type spin-split hole pocket around T finds continuation in
empty spin-split surface states for higher k;, thereby forming W-shaped states whose lower parts are partially
occupied. A large energy gap below and above the vacuum energy around I' hosts image-potential-induced
surface states. The n = 1 member of the Rydberg-like series exhibits a free-electron-like E (k) dispersion with
an effective mass of m*/m, = 1.2 £ 0.1. Careful spin-resolved measurements for several angles of electron
incidence allow us to detect Rashba-type spin-dependent energy splittings of this state with a Rashba parameter

of ag = 105 + 33 meV A.

DOLI: 10.1103/PhysRevB.105.155419

I. INTRODUCTION

The influence of spin-orbit interaction (SOI) on the elec-
tronic structure of solids and surfaces has been extensively
studied theoretically as well as experimentally [1-3]. Proto-
typical examples of elements with a high atomic number Z,
where strong SOl-induced effects are expected, are found in
the sixth period of the periodic table. Detailed studies on the
surfaces of Ir, Pt, and Au (fcc structure) [4-8] and Ta and
W (bcc structure) [9-16] provided a wealth of information
about the spin dependence of surface states caused by the
broken inversion symmetry at the surface. Not only Shockley-
and Tamm-type states in gaps of the projected bulk band
structure but also topologically nontrivial Dirac-type states in
SOI-induced energy gaps have been experimentally observed
and theoretically described [17-19]. Less is known about two
further elements of the sixth period, but with hcp crystal
structure, namely, Re and Os. Recently, theoretical studies
reported on spin-orbit-influenced surface states at these sur-
faces [20,21]. The first spin-resolved (inverse) photoemission
studies for Re(0001) confirmed the existence of occupied and
unoccupied surface states around T [22,23].

Besides the already mentioned types of surface states,
there is an additional class that is caused by the long-
range Coulomb-like surface barrier potential at the surface of
conductive materials, called image-potential-induced surface
states or, in short, image states [24,25]. They form a Rydberg-
like series of states, pinned to the vacuum level within less
than 1 eV. As a consequence, these states are unoccupied
and cannot be investigated by conventional photoemission.
Inverse photoemission (IPE) and two-photon photoemission
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(2PPE) have been successfully used to study their binding
energy, their energy vs momentum dispersion, and their life-
times [26-28].

Since image states are located mainly in the vacuum in
front of the surface, the influence of spin-dependent inter-
actions on these states is a topic of ongoing debate in the
literature. It is well established that exchange interaction in
ferromagnets causes exchange splittings in image states [29].
The size of the exchange splitting is about a factor of 10
smaller than the splitting of the magnetic bands due to the
small overlap of image states with bulk states.

Much less is known about the influence of spin-orbit in-
teraction on image states at the surface of high-Z materials.
The atomic potential gradient which corresponds to spin-orbit
coupling is well described by density-functional theory (DFT)
calculations. Employing a model potential with the correct 1/z
behavior outside the solid in these computations, McLaughlan
et al. predicted Rashba-type spin-orbit splittings of image
states at Ir, Pt, and Au surfaces [30]. Following the seminal
paper by Bychkov and Rashba [31], a quantitative measure of
the Rashba effect in free-electron-like systems with effective
mass m* is given by the so-called Rashba parameter og:

E+(k)) = I°Kj/2m* £ ar K|

The Rashba parameters ar for image states on the above-
mentioned surfaces were predicted to be in the range of 19-44
meV A [30]. These values are about a factor of 10 smaller
than for the prototypical Rashba-split L-gap surface state on
Au(111) [4,32]. A recent theoretical study investigated the
impact of SOI on the image states of the high-Z materials
Ir(111), Pt(111), Au(001), and Bi,Se;(0001) [33].

On the experimental side, a Rashba-type spin splitting in
the n = 1 image state on the graphene/Ir(111) surface was
deduced from monochromatic 2PPE using circular dichroism
(CD-2PPE) [34]. This result, however, was controversially
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discussed in the literature [35,36]. A further study, again
with CD-2PPE but with bichromatic excitation, investigated
the image state on Au(001)-(5 x 20): A Rashba parameter
of 481’%0 meV A was deduced [37,38]. Note that nonzero CD
signals do not directly reflect the spin texture [39,40]. Only
with the aid of calculations can the influence of orbital angular
momenta and spin texture on the CD signal be evaluated. For
this purpose, detailed theoretical information about the orbital
composition of the states under investigation is needed. This
approach was used in Ref. [37]. Direct experimental access
to the spin texture, however, is available by spin-resolved
photoemission techniques, i.e., spin-resolved IPE or 2PPE in
the case of unoccupied image states. This is our motivation
to investigate the image state of Re(0001) with spin-resolved
IPE.

In this paper, we present a comprehensive spin- and
angle-resolved IPE study of Re(0001) in which we identify
unoccupied bulk- and surface-related states, including the im-
age state. In our study we make use of angle-dependent photon
detection to estimate the orbital symmetry of the respective
state and spin resolution to identify the spin character. We
compare our experimental data to calculations within DFT
in order to classify the observed states and understand their
properties.

II. EXPERIMENTAL AND THEORETICAL METHODS

The experiments were performed in an ultrahigh-vacuum
(UHV) apparatus with a base pressure of < 5 x 10~!! mbar.
The unoccupied electronic structure was investigated by spin-
and angle-resolved IPE [41]. For excitation, we used spin-
polarized electrons of variable kinetic energy from a GaAs
photocathode with a spin polarization P of about 29% [42].
The transversal spin polarization of the electron beam was
oriented in the surface plane and perpendicular to k, i.e., the
so-called Rashba direction. The incomplete spin polarization
of the electron beam was accounted for by normalizing the
spin-resolved IPE spectra to 100% electron spin polariza-
tion [41,43]. The electron beam impinges on the sample at
a defined angle of incidence 6 (with respect to the surface
normal) with a diameter of ~1.5 mm (FWHM) and with a
divergence Afrwum < 3° [42,44]. For detection of the emit-
ted photons, we used four bandpass detectors, C1 to C4, at
different photon take-off angles (as described later) with a
fixed mean detection energy of fiw = 9.9eV and an energy
window of 330 meV [45-47]. If not stated otherwise, the
IPE spectra shown in this paper are sum spectra from all
counters that are not masked by the sample (depending on
the electron incidence angle). The overall energy resolution
(FWHM) of the IPE experiment, including the energy spread
of the electron beam, amounts to AE ~ 400 meV [48].

The Re(0001) sample, obtained from MaTecK GmbH
(Germany), was mounted on a molybdenum sample holder
with a tungsten plate touching the sample to avoid alloying
with the molybdenum holder. The sample was cleaned by
repeated cycles of annealing at 1400K in an oxygen atmo-
sphere (2 x 1078 mbar) for several minutes and subsequent
flashing to 1800 K without oxygen [23]. The sample was
prepared in a separate preparation chamber connected with the
analysis chamber for IPE by a UHV sample-transfer system.

The sample quality and the reproducibility of the preparation
procedure were monitored by low-energy electron diffraction
(LEED) for the crystallographic order and Auger electron
spectroscopy (AES) for contaminants on the surface. A small
to vanishing carbon signal in AES was a sensitive criterion for
surface cleanness. LEED experiments showed that the sample
consists of stripelike crystallites with a width of at least 2 mm
and tilt angles up to 1° between two crystallites [23]. Single-
crystalline surface areas were chosen for the position of the
incident electron beam for IPE. All IPE measurements were
performed at a sample temperature of 300 K.

We have performed calculations within the framework of
density-functional theory employing the local density ap-
proximation [49]. To this end, the electronic wave functions
are represented by a basis set of atomic-centered Gaussian
orbitals with s, p, and d symmetry [50]. Norm-conserving
pseudopotentials [51] that include scalar relativistic cor-
rections as well as spin-orbit coupling [52] are used in
the Kleinman-Bylander [53] form. The Re(0001) surface is
treated within a supercell approach by employing a slab of 40
Re layers. Relaxations on the eight topmost layers have been
taken into account. For technical details of these calculations
see Ref. [23].

III. RESULTS AND DISCUSSION
A. Unoccupied electron states along T K and T M

Figure 1 presents angle-resolved IPE spectra of Re(0001)
along T K [Fig. 1(a)] and along T' M [Fig. 1(b)]. Dispersing
peak positions in the spectra as a function of the electron
incidence angle 6 are marked by thick orange and green lines.
The color coding indicates the origin of the transitions: orange
for transitions into surface states and green for transitions
into bulk-derived states. Based on the spectra alone, this as-
signment is not possible. However, there are experimental as
well as theoretical criteria for classification. We used time-
dependent intensity losses due to surface contamination as an
experimental criterion (not shown) to identify crystal-induced
surface states, labeled SS.

Furthermore, we transferred all unambiguous peak posi-
tions of the spectra in Fig. 1 to an E(k;) plot, shown in
Fig. 2(a). The results of both azimuths are combined in this
diagram: T K to the right and T M to the left, both with
positive k; values. [For Fig. 2(a), we restrict ourselves to
peak positions in spectra for positive 6, where many spectra
have been measured. The few data for negative 6 resemble
the results for positive 6.] Together with the experimental
data (orange circles and green squares), Fig. 2(a) contains
theoretical results for comparison: the surface-projected bulk
band structure (blue shaded areas), a slab calculation (gray
lines), and the expectation value of the spin polarization of
the Rashba component as red (spin up) and blue (spin down)
dots on top of surface-related bands from the slab calculations.
Note that, due to the chosen way of presentation, the spin
polarization does not switch sign at T.

Figure 2(b) presents theoretical results for the orbital
composition of the surface-related states. Colored dots indi-
cate the different orbital characters: d» (magenta), dy, dy>_y
(gold), dy., dy. (green), and p, (brown). The blue-shaded areas
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FIG. 1. Angle-resolved IPE spectra for Re(0001) along (a) TK
and (b) T M. Green and orange lines connect spectral features
originating from transitions into bulk- and surface-derived states,
respectively. SS denotes crystal-induced surface states, while IS in-
dicates the image-potential-induced surface state.

(surface-projected bulk band structure) and the gray lines
(slab calculations) are the same as in Fig. 2(a). Additional
calculations, including transition matrix elements with free
electrons as initial states (not shown), indicate that only the
bands with d» and p, orbital symmetries can be expected in
our IPE spectra with sizable intensities.

Our assignment of the label SS to surface-related bands
based on adsorption experiments is supported by theoretical
predictions. The down-dispersing state close to Eg around
T originates from the surface state already observed and
discussed by photoemission [22] and IPE [23]. In addition,
surface-related bands labeled SS with positive dispersion in
both azimuthal directions close to gap edges are observed

FIG. 2. (a) Energy vs k; dispersion of electronic states at
Re(0001) along T M (left) and along T K (right). Green squares and
orange circles (connected by colored lines) represent peak positions
of the experimental spectra for positive 6 shown in Fig. 1. The
blue-shaded areas display the calculated surface-projected bulk band
structure; the gray lines are theoretical results of a slab calculation.
Red (spin up) and blue (spin down) dots indicate theoretical re-
sults for spin-split surface states. The symbol size is proportional
to the expectation value of the spin-polarization component in the
surface plane and perpendicular to k; (Rashba component). (b) Same
surface-projected bulk band structure (blue-shaded areas) and results
of a slab calculation (gray lines) as in (a), but with surface-related
states color-coded with respect to their orbital composition.

in experiment and theory, but at somewhat lower energies in
experiment. The calculations suggest that the down-dispersing
SS around T is connected to the up-dispersing SS at higher k)
(within a gap and/or along the gap edge). Both parts together
form a W-shaped surface-state structure with slightly different
behavior along T K and T M.

One more orange-colored band dispersion appears around
T at almost 5 eV above the Fermi level. The energetic po-
sition of 4.7 eV at T, i.e., about 0.7 eV below the vacuum
level (experimentally determined work function ® = 5.34 +
0.03eV via target-current spectroscopy), the free-electron-
like E(kj) dispersion, and the less pronounced surface
sensitivity compared with SS are clear indications of an
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image-potential-induced surface state, which is therefore la-
beled IS. It lies within a gap of the projected bulk band
structure and has no theoretical counterpart in the DFT calcu-
lation. Our calculation does not include a long-range surface
barrier, which is necessary to describe the IS. We will discuss
this state in more detail later.

All remaining spectral features colored in green in both
azimuths match E-k; regions where bulk states exist: (i) the
almost flat bands (except at higher k along T K) between 3
and 4 eV above Er with a high density of states and (ii) the
bands with strong energy dispersion between 0.5 and 1.5 A~!
in regions with a high density of states along gap edges. In
the spectra for both azimuths, there is a significant change
in the spectral shape for 6 = 38.5°. For smaller and larger
0, clear spectral features are observed, while for 6 = 38.5°
the spectra are less structured. This is a consequence of the
high density of states with strong energy dispersion between
0.5 and 1.0 A~" in the energy range between 1 and 4 eV. An
IPE spectrum measured in the isochromate mode at a fixed
photon energy represents an energy distribution curve (EDC)
for a given angle of electron incidence 6. Within an E (k)
diagram, the EDC follows a parabolic path. In our case, the
dispersion behavior of the bands matches this parabolic path
(see the white lines in Fig. 2). As a consequence, no clear
spectral features can be observed for angles in this range.

As mentioned above, we use several photon counters at
different detection angles. In addition, C4 is positioned closer
to the sample, thereby collecting photons from a larger solid
angle. Comparing the spectral intensities obtained from these
counters for the same transition provides additional informa-
tion about the symmetry of the electron states involved in the
dipole transition [54,55].

We explore the photon emission characteristics around T
and at ky = 0.7A~" along TK. For the two cases, Fig. 3
shows the photon-detection geometries [Figs. 3(a) and 3(c)]
and the corresponding IPE spectra for the individual counters
[Figs. 3(b) and 3(d)]. For both angles, no information about
the bulk-derived states can be deduced because the spectral
intensities are almost independent of the photon detection an-
gle. This is different for the surface states. For almost normal
electron incidence [Fig. 3(b)], the intensity of the SS is much
lower for C2 and C3 compared with C1 and especially C4; that
is, the intensity of the SS is higher for larger detection angles.
This is compatible with the assumption of a dipolar axis along
the surface normal, which underlines the Ag symmetry of the
p.-derived [see Fig. 2(b)] SS at T [23]. The slightly smaller
intensity observed by C1 compared with C4 despite almost
identical detection angles may be caused by the small devia-
tion from 6 = 0 and the difference in solid angles between C1
and C4.

The dipole-distribution effect for SS is even more pro-
nounced in the spectra for & = 38.5° [Fig. 3(d)]. Note that C1
cannot detect any photons in this case because it is masked by
the sample. While C3 and C4 detect almost the same notable
intensities, negligible intensity is observed by C2. This is a
clear indication that the dipolar axis of the transition is ori-
ented along or close to the surface normal, which is pointing
directly at C2, again revealing the z-type orbital symmetry of
the surface state. The experimental result is in agreement with
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FIG. 3. (a) Photon-detection geometry for counters C1 to C4
for normal electron incidence. The photon-takeoff angles are ref-
erenced to the direction of electron incidence (dashed arrow). The
black arrow indicates the surface normal. The measurement plane
is shown in light gray. (b) IPE spectra for close to normal electron
incidence obtained from counters C1 to C4. (c) Same as (a), but for
6 = 38.5°. In this case, C1 is masked by the sample. (d) IPE spectra
for @ = 38.5° in the T K direction for counters C2 to C4.

the results of our DFT calculation. For 8 = 38.5° (T K), the
calculation predicts surface states with mainly d,, symmetry
and surface resonances with d: symmetry [see white lines in
Fig. 2(b)].

The results of our slab calculation shown in Fig. 2(a) addi-
tionally provide information about the spin polarization of the
surface-related states. This is true for the surface-state hole
pocket around T', whose Rashba-type spin polarization was
recently confirmed by spin-resolved IPE [23] as well as for the
outer branches of the W-shaped surface states with positive
E (k) dispersion along or within energy gaps of the projected
bulk band structure. This spin-dependent energy splitting is
clearly visible in the band gap in T K but is largest in the T M
direction at kj ~ 1A', Along T M, two spin-split surface-
related bands are predicted, one with d,y, d,2_,» symmetry at
higher energies and one with d» symmetry at lower energies.
As described above, only the latter is expected to appear in
our IPE spectra due to symmetry reasons. The theoretically
predicted spin splitting amounts to several hundreds of meV.

We performed spin-resolved IPE measurements for almost
equivalent positive and negative 6 to test the sign reversal
of the spin polarization upon changing the sign of k. Spin-
revolved IPE spectra for 38.5° and —36° as well as for 48.5°
and —46° along T M are displayed in Figs. 4(a) and 4(b). As
expected, we observe one spin-split spectral feature in the en-
ergy range of the predicted surface bands. The surface-related
spectral emissions labeled SS show, in accordance with the
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FIG. 4. Spin-resolved IPE spectra of Re(0001) for almost com-
plementary angles of electron incidence, (a) & = 38.5° and —36° and
(b) 6 = 48.5° and —46°, both along T M. The inset in (a) shows the
surface Brillouin zone of Re(0001) with high-symmetry points (', K,
M), the mirror plane (dashed line), and spin-polarization directions
(red and blue arrows).

calculations, a clear Rashba-type spin-dependent energy split-
ting of several hundreds of meV with sign reversal for positive
and negative 6. Since T' M is a mirror-plane direction, only a
Rashba-type spin polarization direction is allowed by symme-
try arguments. The bulk-related spectral features also show
spin-polarization effects, which are attributed to spin-orbit
coupling in bulk continuum states at the surface [56]. For the
bulk-related states, the spin asymmetry is not totally reversed
upon changing the sign of k. This may be because of two rea-
sons: (i) Our spectra for positive and negative k are not taken
at exactly the same |6|, and (ii) the different photon-detection
geometries for +60 and —0 cause extrinsic spin-polarization
effects [23].

B. Rashba splitting of image-potential state

The IPE data presented in Fig. 1 showed additional surface-
related features, the image states labeled IS just below the
vacuum level. Figure 5(a) displays angle-resolved IPE spectra
with improved statistics and a smaller step width (50 meV)
for —7.5° < 0 < 10.5° along T K in a limited energy inter-
val where IS appears. Due to the finite experimental energy
resolution, only the first member n = 1 of the Rydberg series
is resolved. For |0]| 2 10°, the intensity of IS fades. At the
respective parallel momenta, IS overlaps with bulk states and
becomes a surface resonance due to hybridization with bulk
states [see Fig. 5(b)]. The linewidths of the n = 1 emissions
are dominated by the apparatus function. To determine the
peak positions, we fitted the spectra with Gaussian functions
by using various types of backgrounds: (i) a constant back-
ground, and (ii) a linearly increasing background plus a falling
edge of the bulk contribution at lower energies. The latter was
used for the data points in Figs. 5(b) and 5(c). We want to
emphasize that the deviations in the absolute energy positions
for different backgrounds do not affect, within the uncertainty
intervals, the values for effective mass and binding energy.
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FIG. 5. (a) IPE spectra of the image-potential state IS at
Re(0001) for various angles of electron incidence 6 along I' K.
Solid lines are fits to the data. (b) E(k;) dispersion of IS (orange
circles) within a gap of the surface-projected bulk band structure
(blue-shaded area). The vacuum energy Ey is indicated as a dashed
line. (c) Enlargement of (b) with a parabolic fit to the data (black
solid line) resulting in an effective mass of m*/m. = 1.2 & 0.1. The
gray shading around the black line indicates the 1o uncertainty of the
fit. For comparison, the dashed line shows the free-electron parabola
m*/m. = 1).

The parabolic-like dispersion of the IS around T is evident
from Fig. 5(b), where the peak positions of the angle-resolved
IPE spectra in Fig. 5(a) are transferred to an E(k;) plot as
orange circles. The surface-projected bulk band structure is
indicated by the blue-shaded areas. The parabolic dispersion
behavior is analyzed in Fig. 5(c), which shows a close-up
of Fig. 5(b). A parabolic fit to the data (orange circles with
uncertainty margins) yields an effective mass of m*/m, =
1.2 £ 0.1 (black solid line with 1o uncertainty margins of
the fit given by the gray shading). For comparison, the free-
electron parabola is included as a dashed line. Clearly, the IS
appears in a gap of the projected bulk band structure below
the vacuum level Ey. The vertex of the parabola is located at
E — Er =4.66+0.02¢eV, i.e., at a binding energy of Ey —
E = 0.68 + 0.04eV. According to a simple one-dimensional
phase shift model, the binding energies of the IS depend on
the energetic positions within the gap. For n = 1, the binding
energy is calculated to be 0.85 eV for states at the top of the
gap and 0.38 eV at the bottom of the gap [24,27]. In our case,
the n = 1 state appears in the lower part of the gap, and in
qualitative agreement with the model prediction, the binding
energy is reduced compared with the top value of 0.85 eV.
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The rather small predicted Rashba-type spin splittings in
the range of a few tens of meV in view of an overall ex-
perimental energy resolution in IPE of about 400 meV set
the stage for a challenging, but not hopeless, experiment.
Since the partial spin spectra are measured separately, the
detection of spin-dependent energy differences is not limited
by the energy resolution but rather by the apparatus stability,
statistics, and line shapes. Spin splittings (caused by exchange
or spin-orbit interaction) of less than 20 meV have already
been unambiguously detected via spin-resolved IPE [57,58].

Our spin- and angle-resolved IPE results for the n = 1 IS
at Re(0001) are displayed in Fig. 6. Figure 6(a) shows the
spin-resolved spectra for —7.5° < 6 < 8.5° in the 'K az-
imuth, where red up-pointing (blue down-pointing) triangles
denote excitation with spin-up (spin-down) electrons. [The
spectra for & = 10.5° are not taken into account due to the
low signal-to-background intensity; see Fig. 5(a).] To extract
a possible spin splitting AE 4 of the IS, we determined the
peak positions of spin-up and spin-down emissions by a least-
squares fitting procedure. This is not a trivial task given the
statistical scatter of the data, the influence of the falling edge
of the bulk emission on the low-energy side of the IS, the
uncertainty about the energy dependence of the background
intensity, the influence of the higher members of the IS Ry-
dberg series, and the steplike background increase at Ey due
to continuum states. Therefore, we tested different energy in-
tervals for the fits and different slopes for linear backgrounds.
The slope of the assumed background intensity influences the
deduced peak positions systematically. Therefore, the same
background slope has to be used for both spin spectra in
order to avoid artificial spin splittings. Since there is, on the
low-energy side of the IS, decreasing intensity from the bulk
emission and, on the high-energy side of the IS, increasing
intensity due to inelastic secondary processes, a reasonable
assumption for the fitting is a constant background intensity
underlying the IS emission.

We illustrate our approach for the & = 6.5° spectra, shown
as a close-up in Fig. 6(b). Note that the two partial spin spectra
are shifted along the vertical axis for better visibility. The
Gaussian fits to the data are shown as red and blue solid lines
through the data points. The energy interval chosen for the
fitting procedure is indicated by the solid symbols compared
with the open symbols for data points that were not included
in the fit. The blue and red vertical lines denote the deter-
mined peak positions of the fit functions, resulting in a sizable
spin-dependent energy splitting. To determine and illustrate
the uncertainty margins of the peak positions, we produced a
series of 100 000 pseudoexperimental spectra by varying each
measured data point randomly, corresponding to the Gaussian
distribution of its own statistical uncertainty [see uncertainty
margins in Fig. 6(b)]; for details see [57,58]. For each of the
pseudoexperimental spectra we applied our fitting procedure.
Figure 6(c) presents the resulting peak position distributions
for all these pseudoexperimental spectra, for both spin up and
spin down, which generates an easily interpretable graphic
image of the spin splitting and its confidence interval: AE | =
43 £ 23 meV. Furthermore, the somewhat overlapping peak
position distributions show that there is a probability of about
80% that IS is spin split at an angle of electron incidence
of 6 = 6.5°.
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FIG. 6. (a) Spin- and angle-resolved IPE spectra of IS at
Re(0001) along T' K. Red (blue) triangles indicate spin up (spin
down). (b) Enlarged presentation of the spectra for 6 = 6.5° with
Gaussian fits to the data within a limited energy interval indicated
by filled data points. The vertical red and blue lines mark the
spin-dependent peak positions as obtained from the fit. (c) His-
togram of peak positions obtained from fitting 100 000 pseudospectra
(see text for details), yielding a spin-dependent energy splitting of
AE; =43 £23meV. (d) E(k;) diagram of the spin-dependent peak
positions of IS derived from the spectra in (a). The red and blue
lines are parabolic fits to the data. (e) AE; obtained from (d) as
a function of k. A linear fit to the data results in a Rashba parameter
ORexp = 105 33 meV A,

We applied the described analysis to all spectra of the
series shown in Fig. 6(a). The obtained spin-dependent energy
positions of the IS and the resulting spin splittings AE 4 are
plotted as a function of kj in Figs. 6(d) and 6(e), respectively.
Parabolic fits to the data in Fig. 6(d) provide evidence for
Rashba-type behavior of the IS which is further supported
by the linear behavior of AE (k) [see the orange straight
line in Fig. 6(e)]. Note that the Gaussian fits to the pseudoex-
perimental spectra are stable against reasonable variations of
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the fitting intervals and yield results within the uncertainties
shown in Figs. 6(d) and 6(e).

Our resulting AE4(k)) data show a linear trend for the
spin splittings with a sign reversal around T'. A fit to the
data yields a Rashba parameter of g exp = 105 £ 33 meV A.
Our data provide experimental evidence of a Rashba-type spin
splitting of the IS directly by spin-resolved measurements.
The experimental value for Re(0001) differs significantly
from zero and is in qualitative agreement with theoretical
results for other surfaces of high-Z materials. The quantitative
differences might partly be caused by the different materials
and can partly be ascribed to shortcomings of the model po-
tential which includes not uniquely fixed parameters.

IV. CONCLUSION

We studied the unoccupied electronic structure of
Re(0001) theoretically and experimentally by spin- and angle-
resolved IPE. Along the high-symmetry azimuths I' K and
T M, bulk- and surface-related states have been identified
which are in good agreement with state-of-the-art DFT calcu-
lations. A Rashba-split hole pocket of a surface state around
T finds continuation for larger k; values in both azimuths,
where the surface state appears again above the Fermi level
and forms a W-shaped state. The Rashba-type spin splitting of
these states is confirmed by spin-resolved measurements. [PE

measurements with varying photon-detection angles show that
the dipolar axes of the transitions are oriented normal to the
surface, indicative of z-type orbital character (p,, d,2) of the
respective surface states.

Furthermore, the image-potential surface states have been
identified and studied as a function of k;. We observed the
expected free-electron-like dispersion behavior with a binding
energy of Ey — E =0.68 £0.04eV and an effective mass
of m*/m, = 1.2 £ 0.1. Spin-resolved measurements provide
direct evidence of a spin-orbit-induced Rashba-type behavior
of the image state with a Rashba parameter of ag exp = 105 &
33meV A. Ab initio descriptions of the image states under
the influence of spin-orbit interaction are numerically very
challenging. Details of the small overlap of the image state
wave function with the surface region are essential for the
size of spin-orbit-induced image-state splittings. To improve
the theoretical modeling, reliable experimental data beyond
the determination of binding energies and effective masses are
mandatory. This work and future spin-resolved IPE as well as
2PPE investigations on Rashba parameters for image states on
various high-Z surfaces will provide the necessary input.
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