
SOI and symmetry: Lifting the Kramers’ degeneracy

time-reversal symmetry

In the bulk of a non-CS solid or at the surface, inversion symmetry is broken 
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With SO interaction:
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The Rashba effect in a 2DEG

The expected Rashba energy ER is very small: ER ~ 10-6 eV! 
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Rashba vs. Zeeman

External in-plane B 
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Zeeman Rashba 



The spin polarization

SO mixes UP and DOWN spins

Spin polarization

   
|ψ +(
!
k )〉 = e

i(kxx+ky y)

21/2
( |↑〉 + e iφ(k) |↓〉 )

|ψ−(
!
k )〉 = e

i(kxx+kyy)

21/2
( |↑〉 − e iφ(k) |↓〉 )

Upper branch 

Lower branch 

ϕ 

〈σ x〉± = ±  cosφ (k)  ;
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2.1. Theoretical background on the Rashba-Bychkov effect 23

Figure 2.2— Constant energy (CE) contours of the bands presented in Fig. 2.1 for four different energies.
The arrows represent the direction of the spin polarization. The two contours have opposite (parallel) spin
polarization above (below) the spin degeneracy point.
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The predicted spin polarization lies in the (xy) plane. The x − (y−) projection is maximum
when the k-vector is along y(x). Moreover, for the same value of k, the spins belonging to the upper
and lower branches point towards opposite directions. These observations result into a helical spin
arrangement as presented in the CE maps of Fig. 2.2. The described Rashba-Bychkov (RB) effect
is isotropic and the two branches correspond to opposite values of spin polarization. The two CE
contours can have either opposite (a) or identical (c) spin rotations. The spins are parallel between
the crossing and the band minimum (m∗ > 0) or maximum (m∗ < 0), and antiparallel for all
other energy values. As demonstrated by Cappelluti et al., the latter region is accompanied by an
effective reduced dimensionality in the electronic density-of-states (DOS) and a singularity at the
band minimum [29].



Time Reversal Invariant points
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Spin manipulation without magnetic fields 

Polarized electrons are injected in a mixed |up > + |down> spin state.  
The spin precesses along the channel:  ∆θ ≈ LαR 

It can be modulated by VG 

For InGaAs/InAlAs heterojunctions: L(∆θ = π) ≈ 0.5 µm 

Awschalom and Flatté,  
Nature Phys. 3, 153 (2007).  

S. Datta and B. Das,  
APL 56, 665 (1990).  

The “spin transistor” 

Rabi 
oscillations 

E↑ 

E↓  



Shockley state at the Au(111) surface : ARPES 

The circular Fermi surface  
is split into two 

spin-polarized branches 
Beff

k0 = 0.012 Å-1    ER ~ 2 meV 

LaShell et al., PRL (1997).  

Reinert et al., PRB (2001).  Spin polarization  

M. Hoesch et al., (2004) 
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Much stronger fields near the nuclei ! 

The E field is largest near the nuclei
The intra-atomic SO interaction 
MUST be important

  
α R ≈ α AT ⋅ (

dV
dz

)

atomic SO 
parameter 

surface 
term 

SO split TB bands

Much larger splittings are possible 

Courtesy J. Henk 

L. Petersen and P. Hedegård,  
Surf. Sci. 459, 49  (2000) 
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Figure 1 | Crystal structure, RHEED patterns and overall ARPES spectra of MoSe2 thin film. a, Crystal structure of MoSe2. b,c, RHEED patterns of epitaxial
bilayer graphene over a 6H-SiC(0001) substrate (b) and a monolayer MoSe2 thin film grown on the substrate (c). d, Theoretical band structures calculated
using GGA along the G–K direction of the monolayer MoSe2 film. Zero energy represents the VBM. e, f, Direct comparison of theoretical and experimental
band structures of the monolayer MoSe2 film (e). The experimental band structure is shown in e as a second derivative of the data in f to enhance visibility
(black and white intensity plot), and the overlaid green dotted lines are the calculated band structures with renormalized energy scale. ky refers to the
momentum along the G–K direction, corresponding to the y axis shown in a.
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Figure 2 | Band evolution with increasing thickness of MoSe2 thin films. a–d, ARPES spectra of monolayer, bilayer, trilayer and 8 ML MoSe2 thin films along
the G–K direction. White and green dotted lines indicate the energy positions of the apices of valence bands at the G and K points, respectively, with energy
values written in the same colours. e–h, Second-derivative spectra of a–d, respectively, to enhance the visibility of some bands. Yellow dashed lines indicate
the Fermi level. i–l, Calculated band structures of monolayer, bilayer, trilayer and 8 ML MoSe2. Insets to k and l: zoom-in splitting of the valence band at the
K point. Blue and red circles in k indicate opposite spin directions.
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Single-layer solids - ARPES

J.A. Miwa et al., PRL 114, 046802 (2015) Y. Zhang et al., Nat. Nanotech. 9, 111 (2014) 
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inversion symmetry 

MoSe2 
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Surface alloys with high-Z elements: Bi/Ag(111) 

G

G

M

Γ Γ ’M

BiAg

Ag

Ag

Ast et al., Phys. Rev. Lett. 98, 186807 
(2007)  

BiAg2

2k0

Surface bands degenerate at Γ and M
(time-reversal invariant points)

ER = 200 meV

GIANT !  

STM C.R. Ast et al., PRL 98, 186807 (2007) 



In-plane symmetry breaking and anisotropy 

ARPES constant energy cuts in k-space 

Unlike the case of Au(111) the 
spin-split FS is clearly 

influenced by the crystal 
potential

More realistic

100 meV 180 meV 320 meV 900 meV 

in-plane gradient
Simple ( Au(111) )



Turning the band-filling knob: Pb-Ag(111)

Same structure: BiAg2 surface alloy 

Rigid band shift to accommodate the 
extra electron 

The splitting of the bands increases by a 
factor 4 between PbAg2 and BiAg2 
(the atomic SO parameter is 40% larger) 

PbAg2 BiAg2

2k0 2k0

Bulk Ag 
band 

Bulk Ag 
     band 

PbAg2 BiAg2



Spin splitting and the density of states

Bi/Ag(111) Pb/Ag(111)

“1D-like divergence”

Signatures of spin-split states
in tunneling spectra

Au(111) Ag(111)

Bi/Ag(111) Pb/Ag(111)

2 meV

DOS

Ast et al., Phys. Rev. B. 75, 201401(R) (2007)  

STS: MPI Stuttgart



Chemical tuning of EF and of the SO splitting

THEORY (J. Henk)

(BixPb1-x)Ag2 ordered alloys

x=0 x=1

Pb 5d

Bi 5d

Internal calibration 
from core levels 



The spin pattern varies along the split band

Adjusting the spin pattern by interface engineering 

(1) chiral

(2) non-chiral

1 

2 

Two different situations are realized  
by tuning EF through the band as a 
function of stoichiometry 



Surface 
states 

QWS hybridizatio
n 

-  The QWS are also spin-polarized      
  (negligible splitting) 
-  Only states of same spin can hybridize 
-  Fully polarized states in hybridization 
gaps 

 n ML Ag(111) 

Si(111) 

BiAg2 19 ML Ag 
2D quantum well  

states 

Thin Ag layer : quantum well states  

E. Frantzeskakis et al., PRL 101, 196805 (2008); 
K. He et al., PRL 101, 107604 (2008).  



BiTeI: Rashba and Dresselhaus

K. Ishizaka et al.,Nature Mat. 10, 521 (2011) 

Rashba spin pattern 

“Giant” splitting 

Cleavage  
plane 
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Non-centrosymmetric 

SP-ARPES 



More intriguing: two surface terminations

Accumulation 
layer 

Depletion 
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Stacking 
fault 

+++

___
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Ambipolar Rashba effect

A. Crepaldi et al., PRL 109, 096803 (2012) 

DFT + GGA (no band bending) 

kx 

ky 



Surface AND bulk states

BULK CB 



Tuning the band bending by surface doping
K doping 

EF 

EF 

K 

VBM 

VBM 



The SO interaction switches bands around the gap

Bi2Se3 

w/o SO with SO 

parity switching 

Sb2Se3 

Bi2Se3 

Sb2Te3 

Bi2Te3 

H. Zhang et al., Nature Phys. 5, 438 (2009) 



“Edge states” in 3D insulators
“Trivial” and topological insulators differ in a topologically invariant quantity 

(related to the symmetry properties of the wavefunctions)  

“Something” must happen at the 
Interface between a non-trivial and  
a trivial (e.g. the vacuum) insulator 

Metallic states appear 
at the surface 

TRI points TRI points 

Surface states:partner switching 
Trivial Non-trivial 

A single 
Dirac cone 

Bi2Se3 

Bi2Se3 Au(111) - trivial 



Bi2Se3 thin films:  from Rashba to TI layer-by-layer

Yi Zhang et al., Nature Phys. 6, 584 (2010)  

RASHBA 3D TI 



tr-ARPES 

Pumping electrons into the empty states: tr-ARPES

RAPID COMMUNICATIONS

J. C. JOHANNSEN et al. PHYSICAL REVIEW B 91, 201101(R) (2015)

and 0.3◦ resolution. All spectra were acquired with linearly s-
polarized photons. Samples were cleaved in ultrahigh vacuum
at ambient temperature and immediately transferred to the
measurement position, where they were held at 100 K. The
first-principles calculations were performed within the density
functional theory (DFT) framework employing the generalized
gradient approximation (GGA) as implemented in the QUAN-
TUM ESPRESSO package [33]. Spin-orbit effects were accounted
for using fully relativistic norm-conserving pseudopotentials
acting on valence electron wave functions represented in the
two-component spinor form [34]. For Sb2Te3, Sb6Te3, and
Sb8Te3, we used the experimental lattice parameters and
atomic coordinates from Refs. [19,35,36]. Since structural
data for Sb4Te3 are not available, we constructed a model
of this compound based on the structure of Bi4Se3 [18],
and corrected the lattice parameters to match those of the
(Sb2)m-(Sb2Te3)n series. To study the electronic properties of
the surface states, we constructed QL-terminated (0001) slab
models of Sb2Te3, Sb4Te3, Sb6Te3, and Sb8Te3 containing at
least 40 atomic layers. The surface state localization and spin
texture properties were obtained by projecting the Kohn-Sham
wave functions onto atomic orbitals.

Figures 1(a) and 1(d) show the crystal structures of Sb2Te3
and Sb6Te3, respectively, illustrating the presence of two Sb2
BLs between QLs in the latter compound [17]. While the
covalent bonding within QLs and BLs is strong, the interaction
between the neighboring building blocks is of the much weaker
van der Waals type [17,18]. As a consequence, the natural
cleaving plane in Sb2Te3 is located between the QLs and the
cleaved surface is always Te terminated. For Sb6Te3, three
different cleaved surface terminations are possible: Te-rich
QL, Sb-rich one-BL, and Sb-rich two-BLs. Here, we consider
only the QL-terminated surface, and direct the reader to the
Supplemental Material [37] for a discussion of our results for
the BL terminations.

The ARPES intensity maps of Figs. 1(b) and 1(e) illustrate
the band dispersion of Sb2Te3 and Sb6Te3, respectively, along
the high-symmetry directions !̄-M̄ and !̄-K̄ of the surface
Brillouin zone (SBZ). The main experimental features are well
reproduced by the calculated projected band structures for
the corresponding QL-terminated slab models in Figs. 1(c)
and 1(f). The bulk bands cross the Fermi energy EF along
the !̄-M̄ direction for both materials, and also along !̄-K̄ in
the case of Sb6Te3. The first-principles calculations exhibit
the characteristic surface-localized features in the narrow-gap
semiconductor Sb2Te3 and in the gapless semimetal Sb6Te3,
both predicted to be topologically nontrivial. Both compounds
are intrinsically p doped, and EF lies in the upper valence
band. This hampers the acquisition of ARPES data from the
TSS that are located in the bulk energy gap around the !̄ point.
A detailed analysis suggests that we actually measure a small
portion of the lower part of the Dirac cone in Sb2Te3, and
also permits discerning the spin splitting of the Rashba-split
surface state located in the projected bulk gap situated around
0.8 eV below EF [37].

To gain access to the largely unoccupied TSS, we have
performed laser-based 2PPE measurements. We utilized a
pump pulse with energy of 1.55 eV, smaller than the sample
work function, to promote transitions into the unoccupied
bands. Electron-electron scattering processes redistribute in
energy the optically excited electrons on a time scale faster than
the time resolution of 300 fs [38]. Subsequently, a probe pulse
with an energy of 6.20 eV was used to generate photoelectrons
from the transiently populated states, as sketched in Fig. 2(a).
This two-photon photoemission provides a direct view of the
unoccupied bands.

The 2PPE results are displayed in Figs. 2(b) for Sb2Te3
and 2(c) for Sb6Te3. They provide an unambiguous identifica-
tion of the electronic states in the energy gap separating the
valence band (VB) and the conduction band (CB) at the !̄

FIG. 1. (Color online) (a) Crystal structure of Sb2Te3 with the quintuple layer (QL) building block indicated, and (b) ARPES intensity map
along the high-symmetry !̄-M̄ (kM̄ = 0.854 Å

−1
) and !̄-K̄ (kK̄ = 0.986 Å

−1
) directions of the surface Brillouin zone. Due to an intrinsic p

doping, the Fermi level EF lies in the bulk valence band continuum and only cuts the very bottom of the lower branch of the Dirac cone. The
calculated band structure is shown in (c). The projected bulk states are shown as gray shading, and the results of the slab model are shown as
lines. Red (blue) symbols indicate surface states with clockwise (counterclockwise) helicity of the in-plane spin polarization, and the size of
the symbols is proportional to the surface localization. EF has been aligned to the experimental position. (d) Crystal structure of Sb6Te3 with
both Sb2Te3 QL and Sb2 bilayer (BL) building blocks indicated. (e) ARPES intensity map from the QL-terminated surface measured along
K̄-!̄-M̄ (kM̄ = 0.849 Å

−1
, kK̄ = 0.981 Å

−1
). Only bulk states are visible in the heavily p-doped sample. The band structure is shown in (f),

with the same color definitions and band alignment as in (c). The ARPES data were acquired at the ANTARES beam line with hν = 70 eV.

201101-2
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EF 
Johannsen et al., PRB 91, 211001 (2015) 



Chemical selectivity from core hole, but the final state  
  has no core hole à high resolution 

q dependence 
Photon in - photon out: OK for insulators; external fields 

Sensitive to spin excitations  

RIXS: optics…with a twist

RIXS probes multiple energy scales 
charge-neutral 

excitations 

Ament et al., (2011) 



RIXS: Raman with x-rays

L2,3 edges  2p à 3d ; directly probes the d states
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Ruthenates…again – RIXS probes inter-t2g excitations
C. G. FATUZZO et al. PHYSICAL REVIEW B 91, 155104 (2015)
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FIG. 1. (Color online) XAS of Sr2RuO 4 (top) and Ca2RuO4

(bottom) recorded using horizontal (left) and vertical (right) linearly
polarized light near normal incidence (θ ∼ 0◦). A sloping background
has been subtracted and solid lines are Gaussian fits. Top panels show
schematically the oxygen px , pz, and py orbitals and how the cross
section is optimized with different conditions of incident photon angle
and polarization. Lower insets show the elongated and compressed
octahedron.

of 130◦ and an energy resolution of 29 meV (half width at half
maximum) at the oxygen K edge. All spectra were recorded
at T = 20 K. XAS matrix elements and RIXS momentum
Q = (h,k,l) were varied by changing the incident angle θ [see
inset Fig. 2(a)].

III. RESULTS

In Figs. 1 and 2, x-ray absorption spectra recorded
on Ca2RuO4 and Sr2RuO4 are shown for different light
polarizations and incident angles θ . Good agreement with
previous XAS work [17,18] is found whenever overlap
in temperature, polarization, and incident angle is present.
As generally observed on cuprates [28], iridates [23], and
ruthenates [17,18], the t2g and eg states can be probed through
oxygen hybridization on both the apical and planar oxygen
sites, which have slightly different absorption resonance
energies [28].

By varying light polarization and incident angle θ , matrix
elements favor different p orbitals—see top panels of Fig. 1.
Linear vertical light is, independent of incidence angle, mostly
sensitive to the oxygen py orbitals. By contrast, linear-
horizontal light predominantly probes px orbitals for θ = 0◦
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FIG. 2. (Color online) Ca2RuO4. (a),(b) X-ray absorption spectra
recorded with linear horizontal light and incident angle θ = 5◦ (blue
squares) and 75◦ (green diamonds). (a) Absorption spectra mainly
probing apical oxygen orbitals, whereas XAS shown in (b) are
mostly sensitive to planar oxygen states. Intensities in (a) and (b) are
normalized to give approximative overlaps between the two curves.
Top panels schematically show the hybridization between Ru d states
and oxygen px/y or pz orbitals (top). The inset in (a) illustrates the
scattering geometry, the incident angle θ , and momentum transfer Q.
(c) Resonant inelastic x-ray spectra collected with momentum transfer
and polarization as indicated and displayed using a logarithmic color
scale as a function of incident photon energy. Notice that the photon
energies in (b) are shifted relatively to (a), so that both apical and
planar t2g resonances are aligned. Furthermore, the elastic line was
aligned to the XAS t2g resonances in (a) and (b), to allow a direct
comparison between RIXS and XAS features.

and pz for θ ∼ 90◦. The degree of hybridization between the
ruthenium (Ru4+) 4d orbitals and the oxygen px , py , and pz

orbitals also enters into the absorption cross section. Therefore,
varying incident angle θ and polarization on both planar and
apical oxygen edges yields information about both ruthenium
eg and t2g states.

The first two features in Figs. 1(a)–1(d)—appearing just
below 530 eV—are the oxygen-K absorption resonances due
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to Ru t2g hybridization with apical and planar oxygen, re-
spectively [17,18]. Features at higher energies are attributed to
hybridization with eg (d3z2−r2 and dx2−y2 ) Ru orbitals [17]. The
d3z2−r2 states are best probed through pz hybridization on the
apical oxygen site [see Fig. 2(a)]. Comparing t2g (dxy,dxz,dyx)
and d3z2−r2 apical absorption resonances suggests a splitting of
approximately 2 eV in Ca2RuO4. In a similar fashion, dx2−y2

states are best probed through the planar oxygen sites. There,
the t2g to dx2−y2 splitting [Fig. 2(b)] is ∼3–4 eV. Comparable
energy scales were found in Sr2RuO4.

Next, we turn to the resonant inelastic x-ray spectra
recorded on Ca2RuO4 and Sr2RuO4. In Fig. 2(c), the incident-
photon-energy dependence of the RIXS spectra across apical
and planar oxygen K resonances on Ca2RuO4 is shown for
linear horizontal light polarization at incident angle θ = 75◦.
Besides elastic scattering, three pronounced excitations are
resolved at the planar oxygen edge. Those at ∼2 and ∼4 eV,
correspond approximately to the t2g to d3z2−r2 and dx2−y2

splittings and are hence assigned to be dd excitations. In
the following, focus is on the low-energy excitations found
at 0.3–0.5 eV for both Ca2RuO4 and Sr2RuO4(see Fig. 3).
These excitations are nondispersive and reside at energies well
above optical phonon branches. Furthermore, as Ca2RuO4 is
an insulator, a plasmon scenario is very unlikely. These are also
incompatible with a simple t2g crystal field splitting, which is
expected to be much smaller than 300 meV.

IV. INTERPRETATION

To gain further insight into the nature of this excitation,
we start by discussing the t2g states. Linear dichroism effects
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FIG. 3. (Color online) RIXS spectra for different momentum
transfers Q|| = (h,0) as indicated on Ca2RuO4 (left) and Sr2RuO4

(right), recorded using linear-horizontal light tuned to the planar
oxygen K edge. For visibility, all spectra are given an individual
vertical offset. Solid lines are fits to a Gaussian (approximately
resolution limited elastic line), an antisymmetric Lorentzian (gray-
shaded component), and a quadratic background.

on x-ray absorption spectra yield information about the orbital
hole occupation nxz

3 = n
yz
3 and n

xy
3 [17,23]. For example, on the

planar oxygen site, px/y − dxy and pz − dxz/yz hybridizations
are dominating, whereas px/y − dxz/yz is leading at the apical
site. Using light polarization to emphasize the px or py

channel, absorption is enhanced on the apical site if hole orbital
occupation n

yz
3 = nxz

3 is high. Likewise, the planar absorption
resonance will be enhanced for large dxy occupation. As a
result, apical and planar absorptions cannot both be strong at
the same time.

The proportion between planar and apical XAS peak
amplitudes is an experimental measure of the ratio R3 =
n

xy
3 /(nxz

3 + n
yz
3 ) [17,23]. Judging from peak amplitudes [17],
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inset shows schematically how the t2g states are split by spin-orbit
interaction and crystal field.
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to Ru t2g hybridization with apical and planar oxygen, re-
spectively [17,18]. Features at higher energies are attributed to
hybridization with eg (d3z2−r2 and dx2−y2 ) Ru orbitals [17]. The
d3z2−r2 states are best probed through pz hybridization on the
apical oxygen site [see Fig. 2(a)]. Comparing t2g (dxy,dxz,dyx)
and d3z2−r2 apical absorption resonances suggests a splitting of
approximately 2 eV in Ca2RuO4. In a similar fashion, dx2−y2

states are best probed through the planar oxygen sites. There,
the t2g to dx2−y2 splitting [Fig. 2(b)] is ∼3–4 eV. Comparable
energy scales were found in Sr2RuO4.

Next, we turn to the resonant inelastic x-ray spectra
recorded on Ca2RuO4 and Sr2RuO4. In Fig. 2(c), the incident-
photon-energy dependence of the RIXS spectra across apical
and planar oxygen K resonances on Ca2RuO4 is shown for
linear horizontal light polarization at incident angle θ = 75◦.
Besides elastic scattering, three pronounced excitations are
resolved at the planar oxygen edge. Those at ∼2 and ∼4 eV,
correspond approximately to the t2g to d3z2−r2 and dx2−y2

splittings and are hence assigned to be dd excitations. In
the following, focus is on the low-energy excitations found
at 0.3–0.5 eV for both Ca2RuO4 and Sr2RuO4(see Fig. 3).
These excitations are nondispersive and reside at energies well
above optical phonon branches. Furthermore, as Ca2RuO4 is
an insulator, a plasmon scenario is very unlikely. These are also
incompatible with a simple t2g crystal field splitting, which is
expected to be much smaller than 300 meV.

IV. INTERPRETATION

To gain further insight into the nature of this excitation,
we start by discussing the t2g states. Linear dichroism effects
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FIG. 3. (Color online) RIXS spectra for different momentum
transfers Q|| = (h,0) as indicated on Ca2RuO4 (left) and Sr2RuO4

(right), recorded using linear-horizontal light tuned to the planar
oxygen K edge. For visibility, all spectra are given an individual
vertical offset. Solid lines are fits to a Gaussian (approximately
resolution limited elastic line), an antisymmetric Lorentzian (gray-
shaded component), and a quadratic background.

on x-ray absorption spectra yield information about the orbital
hole occupation nxz

3 = n
yz
3 and n

xy
3 [17,23]. For example, on the

planar oxygen site, px/y − dxy and pz − dxz/yz hybridizations
are dominating, whereas px/y − dxz/yz is leading at the apical
site. Using light polarization to emphasize the px or py

channel, absorption is enhanced on the apical site if hole orbital
occupation n

yz
3 = nxz

3 is high. Likewise, the planar absorption
resonance will be enhanced for large dxy occupation. As a
result, apical and planar absorptions cannot both be strong at
the same time.

The proportion between planar and apical XAS peak
amplitudes is an experimental measure of the ratio R3 =
n

xy
3 /(nxz

3 + n
yz
3 ) [17,23]. Judging from peak amplitudes [17],
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inset shows schematically how the t2g states are split by spin-orbit
interaction and crystal field.
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One flipped spin NOT an eigenstate for the solid: dispersion 



Magnons in a 2D S=1/2 Heisenberg AF: Sr2CuO2O2
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Line shape analysis of the magnetic excitations
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MBZ boundary dispersion: why is it interesting ? 
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Conclusion

Without spin-orbit 
life would be easier… 

But much less interesting 
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600 to 500 eV and an increase upon a change to 700 eV. As
one can see in Fig. 2 the experimental spectra indeed follow
these expectations, while the changes are not as pronounced
as found for the theoretical spectra. On the theoretical site,
this deviation could be ascribed to some extent to the use of
the single-scatterer approximation for the final states. An-
other source could be the use of the atomic sphere approxi-

mation (ASA) that could have an influence on the relative
weight of the d-p- and d-f-matrix elements. Nevertheless, in
accordance with the calculations the experimental spin dif-
ference !I" shown in Fig. 1 changes its spectral shape within
about −5 and −1 eV in a pronounced way. This change is
connected with the relative weight of the d-p- and
d-f-contributions to !I" and their individual spectral shape.
Comparing the various !I"-curves for Au in Fig. 4 with the
corresponding ones of Cu (see Fig. 2 in Ref. 17) one notes
that for the d-f-curves there is a minimum at −3.5 eV and at
−5.7 eV for Cu and Au, respectively. For Cu a maximum
occurs at −2 eV while there is a double peak structure in the
case of Au with maxima at −3.7 and −2 eV. A very similar
situation is present for the d-p-part or the !I" curves that
have a different sign and their main spectral features slightly
shifted. As a consequence of these properties the spectral
shape of the spin difference !I" of Au changes between −5
and −1 eV in an appreciable way if the photon energy is
varied. As Fig. 1 shows the peak in the !I"-curve at −3.8 eV
is more pronounced than at −2 eV for a photon energy of
700 eV. Decreasing the photon energy to 600 eV leads to
peak heights that are essentially the same. This trend is con-
tinued for 500 eV photon energy for which the peak at
−2 eV is more pronounced.
Thole and van der Laan15 derived sum rules which shows

that the spin-difference and the integrated intensity are pro-

FIG. 2. (Left) Spin and angle-integrated VB-XPS emission in-
tensity I of Au for different photon energies. (Right) Spin-difference
!I+= I+

↑− I+
↓ of the photocurrent for excitation with circularly polar-

ized radiation. Theory: full line; experiment: dots.

FIG. 3. Decomposition of the theoretical photoemission inten-
sity I of Au into its dominating d-p- and d-f-contributions as a
function of the photon energy. The energy of the initial state has
been fixed to −2 eV with respect to the Fermi energy.

FIG. 4. Decomposition of the theoretical spin-difference of the
photo current !I+= I+

↑− I+
↓ of Au according to the angular momen-

tum character of the initial and final states for various photon ener-
gies. Only the dominating d-p (dotted line) and d-f (full line) con-
tributions are shown.
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biguously connected with the two spin subsystems with spin
character ms and because these have identical photoemission
cross sections !see below". This simple situation completely
changes if spin-orbit coupling is considered in addition.
To investigate the mechanism giving rise to the spin dif-

ference #I! two types of model calculations have been per-
formed that were done in a relativistic way but with the
spin-orbit coupling manipulated. In a first set of calculations
the relative strength of the spin-orbit coupling x$ was varied
between 0 and 1 !the value 0 corresponds to the so-called
scalar-relativistic situation without spin-orbit coupling while
1 represents the situation according to the Dirac equation".
As can be seen from Fig. 3 the shape of the spin difference
#I! hardly changes with the strength of the spin-orbit cou-
pling x$ and the amplitude increases more or less linearly
with x$ . This clearly demonstrates that the Fano effect is a
first-order effect with respect to the spin-orbit coupling. In a
second set of calculations the strength of the spin-orbit cou-
pling was unchanged (x$"1) but the spin-orbit coupling was
split into a part that is diagonal with respect to the spin

(%lz&z),30 and a part that gives rise to a hybridization of the
spin systems '%(lx&x!ly&y)( .31 Keeping only the first part,
i.e., suppressing the second spin-mixing part, leads to a spin
difference #I! that is nearly unchanged as it can be seen in
the lower panel of Fig. 3. If the second part is kept instead,
the spin difference #I! is rather small and its sign is re-
versed with respect to the original curve. These results are in
full accordance with the variation of #I! if the strength of
the spin-orbit coupling is varied. As it can be demonstrated
on the basis of the formalism presented in Sec. II B #I! is
caused only by the spin-diagonal part of the spin-orbit cou-
pling operator if it is accounted for to first order. The spin-
mixing part, on the other hand, contributes only if it is ac-
counted for to higher order. Although the first-order
contribution to #I! is obviously by far dominating, the spec-
tra in Fig. 3 clearly show several features that have to be
ascribed to higher-order contributions; in the upper panel, the
amplitude of #I! does not vary strictly linearly with x$ , the
zero position at around 3-eV binding energy slightly shifts
with x$ , and in the lower panel, #I! does not vanish if only
the spin-mixing part of the spin-orbit coupling is kept in the
calculations.
The formalism presented in Sec. II B that treats spin-orbit

coupling as a perturbation allows us to give a rather simple
explanation for the results shown in Figs. 1–3. The first term
N2 Im )2m12m2 in the square brackets of Eq. !12" stems from
the unperturbed system represented by Green’s function G0.
Because it can be identified with a contribution to the d-like
density of states, one arrives at the usual point of view: in the
XPS regime, for which multiple scattering in the final state
can be ignored, the photoemission spectrum maps the matrix
element weighted density of states of the conduction band.
Furthermore, one notes that this contribution to I*

ms does not
depend on the spin character ms . This implies that there will
be no spin difference #I*"I*

↑#I*
↓ whatever polarization * is

used. In contrast to this, the last term in Eq. !12" is directly
proportional to ms and as a consequence a finite spin differ-
ence #I* may occur. This means in particular that the Fano
effect is indeed a first-order effect with respect to the spin-
orbit coupling ĤSOC as it was indicated by the model calcu-
lations !see top panel of Fig. 3". If the spin-orbit coupling is
ignored for the final states this implies automatically that
only the spin-diagonal part ĤSOC

dia of the full operator ĤSOC
has to be considered. Again this is in line with the results of
the model calculations presented in Fig. 3 that indicated that
the spin mixing part of the spin orbit coupling operator is
less important than the spin diagonal part and contributes
only as a higher-order correction. These results make clear
that the observed spin difference #I* , properly normalized
with respect to the total intensity I* , can be seen as a rather
direct measure for the spin-orbit coupling strength $ . Conse-
quently, one may expect, for example, for Au a spin differ-
ence #I* , that is, according to the ratio of the spin-orbit
energy splittings #ESOC of the d-electrons '#ESOC(Cu)
"0.271 eV, #ESOC(Au)"1.415 eV(, about a factor of 5.2
higher than for Cu. !Instead of $ we used here #ESOC de-
fined by the difference in the resonance energies of the d5/2
and d3/2 phase shifts + j , because this quantity does not de-
pend on energy; see below." However, it should be noted that
for Au higher-order contributions to #I* might get impor-

FIG. 3. The theoretical results for the spin difference #I! ob-
tained by model calculations. Top: the strength of the spin orbit
coupling x$ has been varied between 0 and 1. Bottom: only the
spin-diagonal (zz) and only the spin-mixing (xy), respectively, part
of the full spin-orbit coupling !SOC" has been kept for the calcula-
tions.
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