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Ambiguity of Experimental Spin Information from States with Mixed Orbital Symmetries
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The spin texture of the unoccupied bands of the surface alloy Bi/Ag(111) is investigated with spin- and
angle-resolved inverse photoemission and first-principles calculations. Surprisingly, the measured spin
character does not always reflect the calculated spin texture of the bands. With the help of photoemission
calculations within the one-step model, however, the discrepancy is traced back to the influence of the
orbital symmetry of the respective states in combination with the experimental geometry. In particular,
the calculations show that the spin texture of a surface band with mixed orbital symmetries may neither be
recovered with s- nor p- nor unpolarized light. In general, spin information from direct or inverse
photoemission experiments on electronic states with mixed orbital symmetries at spin-orbit-influenced
surfaces has to be taken with a pinch of salt, while it remains reliable for states with pure symmetry.
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Angle-resolved photoemission (PE) and its time-
reversed pendant, inverse photoemission (IPE) [1], are
the most versatile tools for band-structure mapping
E(k ) below and above the Fermi level Eg. Since the spin
is preserved in the electric dipole transition (at least to first
order), spin resolution adds another quantity to the exper-
imental information. In materials, in which the spin
dependence of the band structure is dominated by exchange
interaction, the electron spins are aligned perfectly either
parallel or antiparallel to the quantization axis of the
sample, i.e., the magnetization direction in a ferromagnet.
Here, spin-resolved PE and IPE experiments can easily
extract the spin character, minority or majority, of the
electronic states [2].

As soon as spin-orbit interaction plays a significant role,
the spin direction may depend on position in real and
momentum space, as well as on the symmetry of the states.
Even the spin polarization of a single electronic state may
be less than one, since the spin is no longer a good quantum
number in such a system. Especially at surfaces where
inversion symmetry is always broken, strong spin-orbit
interaction leads to a wealth of interesting spin textures in
real and reciprocal space, e.g., Skyrmions [3,4], Rashba
systems [5—7], and topological insulators [8,9].

Here, spin-resolved PE and IPE face a new challenge.
The experimental geometry, such as the light polarization
and its incidence or emission angle, influence the measured
spin polarization in both magnitude and direction [10].
Spin-orbit interaction mixes states with different spin and
orbital character, and the light polarization selects the
orbital character of the electronic states involved in the
photoemission process. Hence, the spin polarization of
the photoelectron can, in principle, even be controlled
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[11-16]. Indeed, it was recently reported that the measured
spin polarization of electrons photoexcited from the
topological surface state on Bi,Sejs is reversed by switching
the light polarization from s to p [17]. This effect was
attributed to relativistic corrections of the dipole operator,
which allows optical spin-flip transitions [17,18].

These findings raise the general question, whether the
spin information obtained in spin-resolved PE and IPE
experiments provides a reliable measure of the spin
character of the electronic states under investigation
[19]. As a test case to answer this question, we studied
the surface alloy Bi/Ag(111), known for its giant spin-
orbit-induced effects [20,21]. An sp, occupied surface
band disperses downwards in energy [20,21] with a large
conventional Rashba spin splitting [22], i.e., with spin-
polarization direction in the surface plane perpendicular to
k| and antiparallel for the two branches of the spin-split
state [23]. In the unoccupied part of the surface-projected
band gap, theory predicts a p,, surface state derived from
the p states of Bi. It is, moreover, spin-orbit split into an
m; = 1/2 and an m; = 3/2 state [24]. Remarkably, the two
branches of the m; = 1/2 band show mainly parallel spin
directions along the high-symmetry lines of the surface-
projected Brillouin zone. This deviation from the conven-
tional Rashba spin texture results from hybridization of
states with different orbital character [25,26]. Scanning
tunneling spectroscopy measurements of standing waves
confirm the dispersion of the m; = 1/2 band above Ep
[27,28]. However, the standing wave data are interpreted in
terms of a conventional Rashba spin texture in Ref. [28].

In the present work, we use spin- and angle-resolved
IPE [7,29,30] as well as first-principles calculations to
investigate the unoccupied surface electronic structure of
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Bi/Ag(111). We find that, for the m; = 1/2 band with
mixed orbital symmetries, the measured spin information
does not agree with the calculated spin polarization of the
surface band. For the m; = 3/2 band with almost pure
orbital symmetry, however, the experimental spin informa-
tion reflects the band spin polarization as in the case of
the occupied surface band with sp, symmetry. In particular,
the experimental results for all surface bands on
Bi/Ag(111) can be well understood without assuming
spin-flip transitions.

Our spin-resolved IPE measurements were performed at
room temperature using spin-polarized electrons emitted
from a GaAs photocathode [31]. The angular divergence
AO = £2° of the electron beam corresponds to a momen-
tum resolution at Ep of Ak p = £0.04 A~!. The spin-up
(spin-down) direction of the incident electrons, their in-
plane wave vector k|| and the surface normal n form a
right-handed (left-handed) coordinate system as shown in
the inset of Fig. 1. In this geometry, the Rashba component
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FIG. 1 (color online). Spin-resolved IPE spectra for various
angles of electron incidence @ along I'K of the alloy surface
Brillouin zone. Data points represent spin-integrated (black),
spin-up (red), and spin-down (blue) intensities. Solid lines serve
as guide to the eye. In the inset, a sketch of the experimental setup
is given, which is sensitive to the Rashba component of the spin
polarization.

of the spin polarization is measured. The photons are
detected with an energy-selective Geiger-Miiller counter
(hw = 9.8 eV [32]) at a fixed angle of 70° with respect to
the incident electron beam. The polarization of the emitted
vacuum-ultraviolet light is not analyzed. The overall energy
resolution AE of the experiment is 350 meV.

The Ag(111) substrate was cleaned with several cycles
of sputtering and annealing. One third of a monolayer
of Bi atoms was deposited by molecular beam epitaxy at a
substrate temperature of 575 K. The Bi atoms form a long-
range ordered (\/§ X \/§)R30° substitutional surface alloy,
verified with low-energy electron diffraction.

Electronic-structure calculations have been performed
within the local density approximation to density-
functional theory [33], using relativistic multiple-scattering
theory as formulated in the Korringa-Kohn-Rostoker
approach [34]. Solving the Dirac equation, spin-orbit
coupling is accounted for in a nonperturbative manner.
The semi-infinite Bi/Ag(111) system comprises three
regions: bulk, surface, and vacuum. The geometric relax-
ation at the surface has been adopted from computations
with the VIENNA ab initio simulation package (VASP) [35]
and is in agreement with low-energy electron diffraction
measurements [36,37]. From the layer-diagonal part of the
Korringa-Kohn-Rostoker Green function, we compute the
layer-dependent spectral density, using a broadening of
0.025 eV typical for this kind of computation [20].

In addition, we performed direct and inverse photoemis-
sion calculations within the one-step model. They include
effects of the dipole transition, i.e., selection rules and
matrix elements, but no spin-flip transitions [34]. Taking
into account the spin-flip term in the photoemission
calculation induces negligibly small corrections to the spin
polarization of the photoelectrons, as expected from a
perturbation of the order of 1/c2.

The spin-resolved IPE spectra are presented in Fig. 1.
From the peak positions we deduce E(k;), shown in
Fig. 2(a). Three main features are identified:

(1) The first peak just above Eg is attributed to the
m; =1 /2 state [38]. It resembles a conventional Rashba-
split band with downward dispersion. For positive k the
upper branch shows spin-down and the lower branch spin-
up polarization and vice versa for negative k.

(i1) The second structure at 1.2 eV at I" results from the
m; = 3/2 band. The spin polarization of the two branches
is similar to that of the m; = 1/2 band. We find a large
Rashba splitting, with the minimum of the spin-up branch
at ky = 0.2 Z\_l approximately 250 meV lower in energy
than at the I" point. From there, the state disperses steeply
upwards and can be followed almost to the edge of the
surface Brillouin zone.

(i) The third structure, dispersing downwards from
2.6 eV at T, is identified as a Ag(111) surface-umklapp

band induced by the (V3 x \/§) reconstruction, with
contributions from d bands in the vicinity of the I point.
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FIG. 2 (color online). Surface electronic structure of
Bi/Ag(111). (a) Energy vs k dispersion as derived from the
IPE data in Fig. 1. The color code is identical to that in Fig. 1.
Experimental uncertainties are smaller than the symbol size.
(b) Calculated spectral function n(E, k;). Surface states appear as
dark features while the bulk-derived states appear as light gray
regions. (c) Difference n4(E, k) —n(E. k) of the spin-
projected spectral densities, indicated in red (blue) where spin-
up (spin-down) intensity exceeds (white is for zero difference).

In Fig. 2(b) the calculated spectral density n(E, k) is
depicted along I'K. Above Ep, the m; =1/2 and the
m; = 3/2 band dominate. Their dispersions are in agree-
ment with the experiment. The band-gap edge of Ag(111),
back-folded by the surface reconstruction, is visible as well.
In addition, an upward dispersing band with d character
appears at 2.75 eV at I". Below Ej, the spectral function
shows the downward dispersing sp, state.

The difference n4(E, k) —n (E, k) of the spin-
projected spectral densities is shown in Fig. 2(c). The spin
texture of the m; = 1/2 and m; = 3/2 bands confirms
former theoretical findings [24]. The spin structure of the
occupied sp, band and the unoccupied m; = 3/2 band are
in agreement with PE measurements [22] and our IPE data,
respectively. However, the spin texture in the unoccupied
m; = 1/2 band is at variance with our experimental results.

To resolve this problem, the calculated spin-integrated
PE and IPE intensities and the spin differences /4 (E, k) —
I, (E k) are depicted in Fig. 3 for (a) p-polarized,
(b) s-polarized, and (c) the incoherent superposition of
p- and s-polarized light, i.e., unpolarized light. The sp,,
m; = 1/2, and m; = 3/2 bands are found in the calculated
spectra, as well as the umklapp band, which crosses the
m; = 3/2 band at around 1 eV.

The spin-integrated intensity is reduced when switching
from p- to s-polarized light. While the intensity of the
occupied sp, band nearly vanishes (reduced by ~94%) for
s-polarized light, the reduction is smaller (~25%) for the
unoccupied bands. The spin differences for the different
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FIG. 3 (color online). Calculated spin-integrated PE and IPE
intensities (upper row) and differences of the spin-resolved
intensities /4 (E, k) — I, (E, k;) (lower row) for (a) p-polarized,
(b) s-polarized, and (c) unpolarized light (p-pol 4 s-pol).

light polarizations reveal an inversion of the spin polari-
zation for all occupied and unoccupied bands when
switching from p- to s-polarized light. This is comparable
to the behavior found for the topological surface state on
Bi,Se; [17,18] and the Dirac-cone-like surface state on
W(110) [16].

For the occupied sp, band, the spin texture for p-
polarized and unpolarized light is the same, since the
intensity for s-polarized light is very small. The spin
structure is in good agreement with spin-resolved photo-
emission measurements with p-polarized light [22]. The
measured and calculated spin polarization of the photo-
electrons reflects, moreover, the spin polarization found in
the electronic structure calculation.

For the unoccupied bands the situation differs. The
measured spin textures of the m; =1/2 and m; =3/2
bands resemble the IPE calculation for p-polarized
light. However, it does not fully reproduce the calculated
spin texture of the spectral function [Fig. 2(c)]. For the
m; = 3/2 band the experimental information reflects the
band spin polarization, while for the m; = 1/2 band, there
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FIG. 4 (color online). Orbital decomposition of the spin-
integrated (upper row) and spin-projected (lower row) spectral
densities from the spectral function shown in Figs. 2(b) and 2(c).
x, y, and z directions as defined in Fig. 1.

is no experimental match with the IPE calculations for
s-, p-, or for unpolarized light.

To understand this discrepancy, we take a closer look at
the orbital characters of the electronic states. Therefore, in
Fig. 4 we present the spectral densities decomposed into s,
Dy» Dy» Pz» and d contributions. The occupied band has
almost pure sp, orbital character. The unoccupied surface
states, however, have mixed orbital symmetries of p, and
py character with different weights. While p, dominates
for the m; = 3/2 band, both p, and p, are present in the
m; = 1/2 band. Pure states of sp, and p, character are
expected to appear in spectra with p polarization of the
light, states of p, character with s polarization [41].

For the occupied sp, band the result can be understood
the easiest. This band consists almost exclusively of sp,
orbital contributions. Therefore, it can be excited with
p-polarized light only, as shown in Fig. 3(a). Additionally,
all orbital contributions have the same spin polarization
(cf. Fig. 4). As a consequence, either p-polarized or
unpolarized light will lead to a spin polarization of the
photoelectrons that corresponds to the spin polarization of
the sp, band.

For the unoccupied p,, bands the two main contributions
come from p, and p, orbitals. Considering that the two
orbitals also have opposite spin character [25], p or s
polarization can be used to probe either one of the spin
textures. As p, prevails for the m; = 3/2, the IPE calcu-
lation for unpolarized light is dominated by the spin texture

of the p, orbital, which is in agreement with our exper-
imental result. For the m; = 1/2 band the situation is more
complicated. The contributions of the p, and p, orbitals
are comparable and the band can be likewise measured with
p- and s-polarized light. This leads to a situation, where the
spin polarization of the electronic states is not reflected in
the IPE calculation for s-, p-, or for unpolarized light.

Since our experiment does not resolve the light polari-
zation, one might ask why our measurement resembles
the spin structure computed for p-polarized light rather
than unpolarized light. The calculated spin polarization
depends delicately on the ratio of the different orbital
contributions. Small deviations in the calculated energetic
positions and dispersions of the initial and final states can
modify the dipole-transition probabilities sufficiently to
change the intensity ratio for p to s polarization. For
example, the computed m; = 3/2 state is about 0.3 eV
higher in energy than its measured equivalent [42].
Additionally, the light polarization directly at the metallic
surface does not necessarily correspond to purely p- or s-
polarized light, which is not accounted for in the calcu-
lation. From an experimental point of view, the photon
detection angle (in our case fixed at 70° in the scattering
plane) influences the ratio between s- and p-polarized light
contributing to the spectrum.

In conclusion, the spin information deduced from a direct
or inverse photoemission experiment does not necessarily
reflect the spin texture of the electronic states under
investigation. Our study of the prototypical Rashba system
Bi/Ag(111) serves as a test case, providing three surface
bands with different symmetries. The experimental findings
have been discussed along with theoretical results for the
spectral functions as well as PE and IPE intensities, without
assuming spin-flip transitions. In general, spin information
on electronic states with mixed orbital symmetries at spin-
orbit-influenced surfaces has to be taken with a grain of salt,
while it remains reliable for states with pure symmetry.
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