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The Impact of Spin—-Orbit Interaction on the Image States

of High-Z Materials

Jiirgen Braun* and Hubert Ebert

Due to many important technical developments over the past two decades
angle-resolved (inverse) photoemission has become the method of choice

to study experimentally the bulk and surface-related electronic states of solids
in the most detailed way. Due to new powerful photon sources as well as
efficient analyzers and detectors extremely high energy and angle resolution
are achieved nowadays for spin-integrated and also for spin-resolved meas-
urements. These developments allow in particular to explore the influence
of spin—orbit coupling on image potential states of simple metals like Ir, Pt, or
Au with a high atomic number as well as new types of materials as for example
topological insulators. Herein, fully relativistic angle- and spin-resolved inverse
photoemission calculations are presented that make use of the spin-density
matrix formulation of the one-step model. This way a quantitative analysis of all
occupied and unoccupied electronic features in the vicinity of the Fermi level
is achieved for a wide range of excitation energies. Using this approach, in

understanding of the special spin topology
is of great interest in the scientific commu-
nity. Prototypical examples for such TI sys-
tems are Bi,Ses, Bi,Tes, or Sb,Te; but also
slightly more complex compounds as for
example Bi,Te,Se. In contrast to ordinary
insulators and semiconductors, the bulk
and surface-related electronic features are
coupled in TI materials on a topological
level. This means that a nontrivial topologi-
cal entanglement between the bulk elec-
tronic  structure and  corresponding
surface-related electronic states triggers
the existence of a topological surface state
(TSS). Therefore the appearance of a TSS
is intimately connected with the bulk elec-
tronic properties. This is in contrast to con-

addition, it is possible to deal with arbitrarily ordered but also disordered
systems. Because of these features, the one-step or spectral function approach
to photoemission permits detailed theoretical studies on a large variety of

interesting solid-state systems.

1. Introduction

3D topological insulators (TIs) are new and promising
candidates for various technological applications. These new
types of solid phases are typically characterized by an insulating
bulk electronic structure in combination with highly polarized
metallic surface states.'! Spin and momentum locking and
protection by time-reversal symmetry which are present in
TI systems qualify these solid phases as prominent materials
in the field of spintronics.®?¥! This way a quantitative
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ventional surface features, as, for example,
bulk-derived surface states or resonances
which are triggered by the geometric sur-
face properties, where the surface potential
itself plays an important role.

With this contribution we investigate the
impact of the spin—orbit interaction on the
so-called image potential states of a proto-
typical TI system and compare our spectroscopical results with
the corresponding intensity pattern and spin polarizations calcu-
lated for three simple metal systems.

2. Theoretical and Computational Details

In our theoretical investigation we use the relativistic one-
step model of photoemission, in its spin-density matrix formu-
lation. This guarantees for a quantitative description of all
three components of the spin polarization vector of the photo-
current.”* %! Within the spin-density matrix approach the
photocurrent is completely represented by the following
2 x 2 matrix:?”)

Pss’ (kH’ €f) = <S, €r, kH |G?AGFAT GF|€f, kH’ S,> (1)

Here er defines the single-particle energy of the outgoing pho-
toelectron, k|| defines the wavevector component parallel to the
surface, and the variable s denotes the corresponding spin char-
acter, whereas A denotes the dipole operator. The retarded (R)
and advanced (A) single-particle propagators G?'(A) for the final
state and the retarded propagator GR for the initial state
are numerically obtained by use of standard-layer Korringa—
Kohn-Rostoker (LKKR) multiple scattering techniques.’?®
In the relativistic case both propagators are represented by
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4 x 4 matrices. In Equation (1) the final state is represented by a
time-reversed (spin-polarized) low energy electron diffraction
[(SP)LEED] state G{|er, k|, s). This implies that the photocurrent
does not reflect the intrinsic variables, but the single-particle
energy ¢r of the outgoing photoelectron, the corresponding wave
vector k| component parallel to the surface, and its spin character
s. From Equation (1) the spin-density matrix p follows as

1

= sy (ks €¢) — pli (ke €5)) ()

/’ssf(ku,ef) =5

This way, the intensity of the photocurrent results in
I(ky, er) = Tr(pg (k| €5)) 3)

with the corresponding spin polarization vector given by
1
P= TTI( op) (4)

Finally, the spin-projected photocurrent is obtained from the
following expression

Iﬁ:%(lin~P) (5)
with the spin polarization (£) referring to vector n. This way, one
is able to compute all three components of the spin polarization
vector P.1%¢!

To calculate the complete spin polarization vector P within the
one-step model of photoemission, all four elements of the spin-
density matrix must be computed, where special care has to be
taken when dealing with the final state. The final state which is
given by a time-reversed (SP)LEED state is computed first apply-
ing unpolarized boundary conditions, which means that the final
state at the detector is determined by the corresponding average
x=(1,1)/1/(2) of the two basis spinors y = (1,0)/+/(2) and
2 =1(0,1)/1/(2). In a second step, by use of the plane-wave
representation of the final state, one can extract the spin-up
les, k), T) and spin-down components |ef, k), |) of the time-
reversed (SP)LEED state. Inserting then proper combinations
of the two spin components of the final state in Equation (1)
all four elements of the spin-density matrix can be calculated
by four separate calculations.

Within a plain LDA calculation it is not possible to describe
quantitatively the correct long range behavior of the surface poten-
tial V(). The solution for this problem is the use of a modified
electronic potential in the spectroscopical analysis that consists of
a self-consistently calculated bulk or layer-dependent crystal poten-
tial for a semi-infinite stack of atomic layers plus a model potential
as for example of Rundgren Malmstrom type. With this procedure
a quantitative description of the complete system is guaranteed in
the spectroscopical analysis. This includes all matrix element
effects as well as initial and final state effects even in the barrier
potential region. The coefficients which define the final and initial
state wave fields can be formulated in terms of the bulk reflection
and surface potential scattering matrices’®*** and account for all
symmetry properties of a Rashba split surface state.

A realistic description of the surface barrier is given in the
paramagnetic case through a spin-independent Rundgren—
Malmstrém potential, > which represents a 1D z-dependent
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function Vp(z) with the z-axis directed perpendicular to the sur-
face pointing into the semi-infinite bulk. The potential V3(z) con-
nects the asymptotic regime (Vp(z) x 1/2z, z4 > 2) to the bulk
muffin-tin zero V,,, by a third-order polynomial P(z), e.g., defin-
ing a polynomial range zy > z > z,. The second parameter zg
defines the point where the surface region ends and the bulk
region starts. The third parameter z; (zg > z; > 2z,), which allows
to modify the shape of the potential function, is typically inter-
preted in terms of the classical image plane.*”

As special care is taken on the surface-barrier-induced image
states (IS), it remains to be illustrated in more detail the corre-
sponding computational scheme which results in the surface
contribution of the total photoemission intensity. The following
set of equations represents the final state wavefunction in the
surface region. By means of the following contribution
P (er, k) one takes care of the surface:

pentc) = [ @rvmacm ©)
with
(1) = / B G (1, ¥) AT (¢) )

For a z-dependent barrier potential V3 = Vy(2), the initial and
final state wavefields must be computed in the region of the sur-
face barrier. Both wavefields @ /(r) and ¥,(r) can be decom-
posed into z-dependent and corresponding parallel components

Dy (r 2451 ¢ (2

Wau(r) sz 2)elas e )

Yeisi(r=<1)y 8)

with the regular solutions of the Schrédinger equation ¢, and
g to the reciprocal lattice vector g for Vp(z) in the range
¢1z >z > —o0. G, denotes the surface part of the correspond-
ing retarded Green function. A denotes the dipole operator. The
value ¢, = zp defines the point, where the surface potential joins
smoothly to the inner potential of the bulk crystal.

The explicit computation of the surface barrier contribution

results in

o (en k) =

VB .
dz ¢1s’g(z)elqzz (10)

“IH <l Z / dzyr(2)

where again A, denotes the z-component of the photon field
amplitude A, and q denotes the corresponding wavevector. The
photon frequency is given by w and ¢ denotes the speed of light.

The self-consistent electronic structure calculations for the
three metal surfaces and for Bi,Se; were carried out within
the ab initio framework of density functional theory. The
Vosko, Wilk, and Nusair parameterization for the exchange
and correlation potential was used.*!) The electronic structure
of all four systems was calculated in a fully relativistic mode
by solving the corresponding Dirac equation. In detail the rela-
tivistic multiple scattering or KKR formalism in the TB-KKR
model®? was applied in the numerical procedure. The resulting
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half-space electronic structure represented by single-site
scattering matrices for different layers and the corresponding
wave functions for initial- and final-state energies were used
as input quantities for the corresponding spectroscopic analysis.
For this calculation, in addition, we took into account the
Rundgren-type surface barrier.*® Furthermore we took care
of impurity scattering, via a small constant imaginary value of
V;=0.03eV that was used for the initial state in all cases.
For the final state a constant imaginary value of V;=1.8eV
has been chosen again in a phenomenological way for an
excitation energy of about 10 eV that we used in our photoemis-
sion calculations.

3. Ir(111), Pt(111), and Au(100)

A variety of experimental as well as theoretical photoemission
studies have been conducted within the past decades on Ir,
Pt, and Au®®*** with linear and circular polarized light.
Most of these studies were focused on the bulk electronic struc-
ture and on bulk-derived surface states. The image potential
states and especially the impact of spin-orbit interaction on
these electronic features are investigated only recently in two
experimental studies,**! on Au(100) and on graphene-covered
Ir(111) but with controversial results. We show here in Figure 1
our calculational results for Ir(111) obtained for a photon energy
0f 9.9 eV with p-polarized light. We used for the work function of
the clean Ir(111) surface the value ¢, = 5.8 eV.[*”! With the opti-
mized surface barrier parameters that we used in our analysis the
energetics and dispersion of the well-known Ir(111) surface res-
onance** could be quantitatively reproduced. The energetic posi-
tion of the first IS for k| = 0 has been found to be E = 0.535 eV
below Ey,.. This value is in very good agreement with the
corresponding experimental value found for the graphene-
covered Ir(111) surface. Tognolini et al. obtained E = 0.55¢€V

5.45

5.40

5.35

Energy above E (eV)

5.30

-0.1 0.0 0.1
Wave vector k” (,&'1)

www.pss-b.com

below Ey,., where the measured value for the work function
was ¢y, = 4.45 £ 0.05eV.*! The left panel of Figure 1 shows
the intensity pattern and in the right panel the corresponding
Rashba component of the spin polarization is shown.
In comparison with the experimental findings in previous stud-
iest*>*¢! the splitting is very small with a value Ak=0.004 A",
The corresponding Rashba parameter results in ag = 0.005 eV A.
This means that the Rashba splitting of the first IS on Ir(111) is
smaller by a factor of 7 compared to the Rashba splitting of the
Au(111) Shockley surface state!*®! and this way at the border of
the experimental resolution. Inspecting the right panel in
Figure 1 the spin polarization shows the typical Rashba behavior
with an asymmetric sign change of the corresponding polariza-
tion component.

For Pt(111) the situation appears very similar. We used for
the work function of the clean Pt(111) surface the value
¢y = 6.1eV.*) For the surface barrier we used the same param-
eterization as in a previous study.!*”) The energetic position for the
first IS at kj = 0 on Pt(111) has been found to be E = 0.558 eV
below Ey,.. This value is also in good agreement with the corre-
sponding experimental value of E = 0.539 + 0.03 eV.” The cor-
responding intensity pattern is presented in the left panel and the
spin polarization again in the right panel of Figure 2. In contrast to
Ir(111) the splitting is slightly larger with a value Ak = 0.0045 A~!
and a Rashba parameter ag =0.0052eV A. These results seem
reasonable as the atomic number is slightly higher. This splitting
remains about six times smaller compared with the Rashba split-
ting of the sp-derived Shockley state of Pt(111).1")

As a third example we have calculated the dispersion relation
of the first IS on Au(100). We used for the work function of the
clean Au(100) surface the value ¢, = 5.47eV.P!Y The barrier
parameters were optimized to be able to reproduce the experi-
mental and theoretical energetics of the corresponding surface
features dispersed on Au(100).°"*? Explicitly, the first IS on
Au(100) has been found to be at E = 0.69 eV below Ey,. from

!1

-0.5

! \ \
-0.1 0.0 0.1

Wave vector K, (,&'1)

Figure 1. Dispersion of the first IS on Ir(111). Intensity (left panel) and Rashba component of the spin polarization (right panel) calculated for a photon
energy of 9.9V along ' — K with p-polarized light. The Rashba splitting counts to Ak =0.004 A~".
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Figure 2. Dispersion of the first IS on Pt(111). Intensity (left panel) and Rashba component of the spin polarization (right panel) calculated for a photon
energy of 9.9 eV along " — K with p-polarized light. The Rashba splitting counts to 0.0045 A~
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Figure 3. Dispersion of the first IS on Au(100). Intensity (left panel) and Rashba component of the spin polarization (right panel) calculated for a photon
energy of 9.9 eV along I — X with p-polarized light. The Rashba splitting counts to Ak =0.0047 A"

our calculations. The theoretical result is shown in Figure 3,
again with the dispersion of the IS presented in the left panel
and the spin polarization shown in the right panel.
Astonishingly the splitting is not significantly increased in
comparison with the Pt case. It follows quantitatively that
Ak=0.0047 A~' and ag =0.0054 eV A. This means that the
slight increase in the atomic number is not sufficient to create
a splitting even for IS on Au measurable with modern experi-
mental apparatus. This of course excludes the three prototypical
paramagnetic metals Ir, Pt, and Au as candidates which would
allow for an experimental verification of the spin—orbit split IS.

Phys. Status Solidi B 2021, 258, 2000026 2000026 (4 of 6)

If one inspects the periodic table, Bi metal or even more sophis-
ticated materials containing Bi seem a better choice. We
decided to inspect the prototypical TI system Bi,Se;, aiming
on a Rashba splitting of the IS that could be measured in pho-
toemission experiments.

4, Bi25e3

A quantitative determination of the spin texture of the unoccu-
pied band regime in TI systems like Bi,Se; is possible, as
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Figure 4. Dispersion of the series of IS on Bi,Se;(0001. Intensity (left panel) and Rashba component of the spin polarization (right panel) calculated for a
photon energy of 9.9 eV along I' — K with p-polarized light. The Rashba splitting counts to Ak =0.0065A~".

demonstrated in a joint experimental and theoretical study,
where spin- and angle-resolved inverse photoemission (IPE) data
were compared with calculations for both the intrinsic band
structure and, within, the one-step model of (inverse) photoemis-
sion, the expected IPE spectral intensities.!**! This study allowed
to unravel the intrinsic dispersion as well as the spin texture of all
unoccupied bulk states and bulk-derived surface bands. In detail
it was found that spin-orbit coupling in the initial-state wave
functions plays an important role and this way revealed that
spin-dependent effects in the final state considerably influence
the photoelectron spin polarization.

For the work function of the clean Bi,Se;(0001) surface we
used the value ¢p;,se, = 5.35 eV and the parameterization which
was successfully used in a previous study.”*”! The resulting first
IS on Bi,Se3;(0001) appears at an energy E = 0.64 eV below Ey,..
The calculational result is shown in Figure 4 where we present
our IPE analysis for the series of images states on Bi,Se3(0001).
It is clearly observable that a significant influence of spin-orbit
coupling is present in the dispersion of the different IS and in
consequence on the Rashba component of spin polarization.
In fact the splitting of the first IS is two times larger as the
Rashba splitting in Ir, Pt, or Au. The corresponding parameters
result in Ak=0.0065A"! and ag =0.011eV A. Inspecting the
dispersion behavior in the left panel of Figure 4, one can observe
that even in the second IS a significant splitting occurs. This is
also observable from the Rashba component of the spin polari-
zation which is shown in the right panel of Figure 4. The values
obtained for Ak and a are slightly larger than the corresponding
ones measured for the Shockley state on Cu(111)"**! where
a value Ak = 0.006 A~" was found. This means that our theoreti-
cal prediction for the Rashba splitting of the first IS on
Bi,Se;3(0001) can be experimentally verified by state-of-the-art
photoemission measurements. As a conclusion from our spec-
troscopical analysis it turns out that metals or compounds con-
taining elements with atomic numbers definitely higher then

Phys. Status Solidi B 2021, 258, 2000026 2000026 (5 of 6)

Z = 80 exhibit pronounced spin—orbit effects even in the image
potential states.

5. Conclusions

The impact of spin—orbit interaction on barrier-induced surface
states appearing on Ir(111), Pt(111), Au(100), and Bi,Se;(0001)
has been studied. We found that Rashba-type splitting exists in
all four cases where on the three metal surfaces the splitting seems
to be too small for an experimental verification at the moment.
For Bi,Se;(0001) the situation is different as Rashba splitting is
significantly larger and should be measurable by state-of-the-art
spin-resolved photoemission experiments as the corresponding
Rashba parameter is comparable with that of the Shockley surface
state on Cu(111). In conclusion, the one-step model of photoemis-
sion in its spin-density matrix formulation allows to unravel the
Rashba-type spin texture of IS located in front of simple metal sur-
faces as well as more sophisticated TI systems.
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