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Abstract

CrossMark

A Feynman diagram analysis of photoemission probabilities suggests a relation between

two final-state spin polarization effects, the optical spin-orientation originating from the
interaction with circularly polarized light (Pgo, Fano effect) and the spin polarization induced
by the spin—orbit scattering (P, Mott effect). The analysis predicts that P is proportional

to the product of Pog and the circular dichroism in the angular distribution (CDAD) of
photoelectrons. To confirm this prediction, the spin polarization of photoelectrons excited by
soft x-ray radiation from initial spin-degenerate bulk states of tungsten using time-of-flight
momentum microscopy with parallel spin detection has been measured. By measurement

of four independent photoemission intensities for two opposite spin directions and opposite
photon helicity, CDAD, Fano, and Mott effect are distinguished. The results confirm the

prediction from the Feynman diagram analysis.

Keywords: spin-resolved momentum microscopy, electronic structure,

spin-polarization of bulk bands
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Introduction

Spin-resolved photoelectron spectroscopy has a long tradition,
see e.g. textbooks for work in the gas phase [1] and for solids
[2, 3]. After pioneering work at ETH Zurich on spin polar-
ized electrons from ferromagnetic materials [4] and optical
spin orientation in GaAs [5], angular-resolved photoelectron
spectroscopy (ARPES) with spin-resolution developed rap-
idly and became a powerful tool for analyzing exchange-split
bands in ferromagnets [6]. The method was also used for sym-
metry-resolved band mapping of non-magnetic metals [7] and
adsorbates [8]. In the last decade, spin-ARPES activities were
strongly intensified by the discovery of topological materials
with special spin textures [9-11].

In the x-ray range only a few spin-resolved core level meas-
urementsatferromagnets havebeen performedusinglabsources
[12-14] and hard x-rays [15, 16]. In the valence range two
angle-integrating measurements have been published [17, 18];
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in both experiments the spin signal was close to the detection
limit. The low photoemission cross sections in the x-ray range
so far were prohibitive for k-resolved spin measurements.
On the other hand, angle-resolving [19] and k-resolving [20]
spectroscopy have revealed the power of x-ray ARPES to
study the electronic structure deep in the bulk of a material,
excluding surface effects. As the bulk density of states and
the Fermi surface are responsible for practically all transport
and thermodynamic phenomena, detailed information on the
true bulk electronic structure is mandatory for basic materials
research and materials tailoring. It would be highly desirable
to include the spin degree of freedom in the information con-
tent of bulk-sensitive photoemission.

Previous measurements at low energies have demonstrated
that multichannel spin detection using imaging spin filters
[21, 22] can increase the effective figure-of-merit by orders
of magnitude. In the present work this technique was imple-
mented in a momentum-resolving photoelectron spectrometer,
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thus overcoming the count-rate limitation of x-ray ARPES.
Since the studied spin-polarization is mediated by spin—orbit
interaction, we have chosen to study the bulk bands of tung-
sten (Z = 76).

Several mechanisms may give rise to photoelectron spin
polarization; we distinguish between initial-state, final-state
and matrix-element effects. Examples for materials with ini-
tial-state spin polarization are ferromagnets with exchange-
split bands or the special (ground-state) spin texture induced
by the Rashba effect. Corresponding asymmetries have been
discussed in [23]. Both are excluded for tungsten bulk bands;
the time-reversal invariant surface state with Dirac-like spin
texture [24] is not visible at the photon energies used [20].

The ‘final-state effect’ was first described by Kirschner
et al [25]. Initially unpolarized electrons excited into the upper
Bloch states may acquire spin polarization when crossing the
surface. The crystal surface separates the Bloch-spinor regime
from the free-electron spinor regime, in which the detector
is placed. Matching these relativistic wave functions at the
boundary then may lead to a net spin polarization of the trans-
mitted electrons, if significant spin—orbit interaction is present
at the surface. In the present experiment we can rule out a sig-
nificant contribution of this effect, because the kinetic energy
of the photoelectrons is too high.

The matrix-element-induced spin polarization depends
on the photon polarization (since the matrix element itself
depends on photon polarization). The best-studied case is
the optical spin orientation by circularly polarized light (also
termed Fano effect), which was initially predicted for pho-
toemission from Cs atoms [26]. This phenomenon is exploited
in the generation of spin-polarized electrons in GaAs [5]. The
selection rules for circularly polarized light (Am; = *1) lead
to a population of final-state partial waves with a preferential
spin orientation pointing along the photon spin s,. We term
the resulting spin component along the photon spin the Fano
component.

The matrix element gives rise to a second spin comp-
onent that is oriented perpendicular to the plane spanned by
the surface normal and the momentum of the outgoing elec-
tron. Heinzmann and Dil [27] give a detailed discussion on
the nature of this component, originating from a phase-shift
difference between interfering final-state partial waves. We
adopt the notation P for this perpendicular component from
[27] and earlier gas-phase work with unpolarized [28] and
linearly-polarized light [29]. Discussing photoemission with
circularly-polarized light, the quantity of circular dichroism
in the angular distribution (CDAD) must be addressed. In the
context of topological systems CDAD is sometimes consid-
ered as a substitute for spin-resolved measurements. On the
other hand, CDAD for nonmagnetic systems can be explained
in a non-relativistic model (for details, see [30]). It is the
general understanding that CDAD and the Fano effect have
nothing in common.

In this article, a previously overseen relation between the
non-relativistic CDAD, and the two relativistic quantities of
the Fano effect, Poo, and the perpendicular spin polarization
component, P, has been derived using a Feynman-diagram
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Figure 1. Sketch of the experiment illustrating the symmetry
properties of the spin polarization. Optical spin orientation by the
right- (left-) circularly polarized photon beam (RCP, LCP) induces
the ‘Fano-component” Poo rcp(Lcp) Pointing along the photon

spin. In addition, the transversal spin component P occurs due to
interference of final-state partial waves. P, vanishes in the plane of
incidence, whereas there is no such restriction for Poq.

description of probabilities. Using four independent meas-
urements (two opposite photon helicities and two opposite
spin quantization directions), the prediction of the Feynman-
diagram analysis has been confirmed. We experimentally
demonstrate a non-vanishing spin-polarization of photoelec-
trons excited by soft x-rays from initial bulk states of a non-
magnetic centrosymmetric material by the example of the bcc
metal W. Exploiting the circular polarization of the incident
light beam, the ( Eg, k) texture of the perpendicular spin comp-
onent (P ), the Fano-type spin component ( Pop) and the cir-
cular dichroism (Acpap), has been measured separately. The
predicted relation of spin polarization effects and polariza-
tion-dependent dichroic effects is validated by the example of
electronic bulk bands of tungsten.

Methods

The photoemission experiments were performed at beamline
P04 of the PETRA III storage ring (DESY, Hamburg), pro-
viding almost completely (>95%) circularly polarized light
in the soft x-ray regime. Here we show data taken at a photon
energy of 447¢eV and an incidence angle of 22° with respect
to the surface plane that we assume as grazing incidence in the
following. The geometry of the setup is sketched in figure 1.
The plane of photon incidence is the yz-plane, which coincides
with the I'-H azimuth of the crystal surface. For the detection
of photoelectrons time-of-flight (ToF) momentum microscopy
with imaging spin filter was used; for details, see [31, 32].
The method allows detecting the photoemission intensity
I(Eg,ky.ky) as a function of momentum components k, and k,
(parallel to the sample surface), and binding energy Ep.

Spin-resolution along the y-axis is achieved by combining
full-field k-imaging and ToF energy recording with an imaging
spin filter, in our case a pseudomorphic Au monolayer on Ir
(001) [33]. This surface was chosen due to the high spin-
sensitivity (70%) and incredibly long lifetime (more than 12
months in ultra-high vacuum). We performed measurements
at the two scattering energies of 10.25eV and 11.50eV with
opposite scattering asymmetry.
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Figure 2. The Feynman diagrams A-D describe the scattering probabilities for spin up/down and circular right/left virtual photons. Red
(blue) arrows designate spin-up (spin-down) states. a and b denote the probabilities of the different branches (see text).

Results and discussion

Considering initial and final states that are spin-degenerate,
the occurrence of a finite photoelectron spin polarization as
predicted in [23] by ab initio methods appears surprising
at first sight. For an explanation, we propose the following
model based on electron scattering described by Feynman dia-
grams [34, 35] as shown in figure 2. The Feynman diagram
describes an electron scattering event in two steps proceeding
along the horizontal time axis and the vertical space axis. In
the first step, the incident electron occupies an unoccupied
state. This is considered as an annihilation of an electron and
a hole state. Because the hole state represents an antiparticle,
it moves backward in time and space, i.e. it is depicted as an
outgoing arrow. The annihilation of hole and electron creates
a photon. In the second step, the photon annihilates and cre-
ates a particle-antiparticle pair. The antiparticle (hole) moves
again backward in time and space and is now depicted as an
incoming arrow. The electron represented by the outgoing
arrow is then detected.

The spin state does not change in a photon-electron interac-
tion process. However, different scattering probabilities may
lead to a finite spin-polarization [23]. Each scattering path
comprises two events that contribute to the total probability
of this path. In the first step, the scattering process creates a
virtual photon, which is either left or righ circularly polar-
ized. This process may be described as an inverse Fano effect
because it represents the reverse process of a circularly polar-
ized photon creating a spin-polarized photoelectron, known as
the Fano effect. Experimentally a very similar inverse Fano
process has already been introduced by Eminyan and Lampel
[36]. This inverse Fano process is mediated by spin—orbit cou-
pling and therefore spin-dependent. We denote the probability
a for creating a RCP photon in the scattering process of a spin-
up electron (see figure 2 case A, red arrows). Consequently,
the probability to create an LCP photon is 1 — a (see figure 2
case B). The analogue scattering process for a spin-down
electron has opposite probabilities, 1 — a for creating RCP
(see figure 2 case C, blue arrows) and a for LCP photon (see

figure 2 case D). A second step annihilates the virtual photon.
The annihilation of a RCP photon scatters a spin-up or spin
down electron with a probability b, and an LCP photon scat-
ters an electron with probability 1 — b. Please note, that the
virtual photon annihilation processes are spin-independent
because they represent the non-relativistic CDAD effect.

The total probability for a scattering path results
from the product of the two events. Summing up the
probabilities p' for spin-up (figures 2 A and B), i.e.
ab+ (1 —a)(1 —b), and p* for spin-down (figures 2 C and
D), ie. (1 —a)b+a(l1—b), electron scattering and cal-
culating the asymmetry, we derive the perpendicular spin
polarization component P, = (1 —2a)(1 —2b). The first
factor represents the asymmetry of the inverse Fano process,
Poo = (1 — 2a). Neglecting the definition of the absolute
sign and value, we may safely assume that Pgg is proportional
to the Fano effect itself. The second factor directly describes
the CDAD asymmetry Acpap = (1 — 2b). Consequently, we
conclude that the perpendicular spin polarization component
is proportional to the product of two asymmetries:

P o PooAcpap- (1)

This equation constitutes a previously overlooked relation
between two relativistic spin quantities and the non-relativ-
istic CDAD that can be discussed neglecting the spin and
occurs even for light elements [37].

The general idea expressed by the Feynman graphs and
resulting equation (1) can be validated for free atoms and mol-
ecules recalling the analytical expressions of the quantities,
here for a p, state. The perpendicular spin component is pro-
portional to £cos 6 (equation (1) in [38]) where @ is the emis-
sion angle with respect to the normal. For an initial py, state,
the parameter £ is proportional to two matrix elements IRgl and
IRpl and to the sine of the phase difference d; — J,, indicating
that it is the result of partial wave interference (equation (5)
in [38]). Second, the CDAD asymmetry is proportional to
|Rs||Rp|sin (&5 — d,4) sin o [37], whereby in our case, we have
= 7/2. Third, the Fano parameter (equation (4) in [39]) is a
constant for the case of an initial py/, state. To summarize, for
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the atomic case of a py, state, the perpendicular spin comp-
onent P, is proportional to Ppo X Acpap- A similar con-
sideration also holds for an initial p3/,. Thus, for the case of
atomic photoemission one can show that the relation denoted
in equation (1) is exact. For this particular case, the relation
indicates the equivalence of CDAD and spin-polarization
measurements for Dirac states [40].

In order to proove this relation, we perform photoemission
spectroscopy in the soft x-ray regime, exciting photoelectrons
from initial bulk states of tungsten. Tungsten possesses a cen-
trosymmetric crystal lattice and has no spontaneous magnetic
order. Therefore, the bulk states of tungsten, i.e. initial and
final states of the photoemission process, are spin degenerate.

By scanning the initial photon energy, we obtain the disper-
sion of electronic states along the perpendicular momentum
component k, assuming the free-electron final state model.
We measured spin-integrated intensities for 19 different
photon energies in the range from 357eV to 574 €V, covering
one full Brillouin zone. The Fermi surface is the boundary
of the occupied part of the valence band states. Momentum
sections corresponding to the Fermi energy at different &, are
concatenated to form the Fermi surface in the 3-dimensional
momentum space [20]. Figure 3(a) shows the energy isosur-
face at Ef (i.e. the Fermi surface) and the Brillouin zone (BZ)
with marked high symmetry points. The intensity distribu-
tion confirms that the initial states are bulk states of tungsten,
because surface states do not show dispersion along k,. It
furthermore confirms the assumption that the finial states are
free-electron like states.

For the spin-resolved measurements, we focus on a photon
energy of 447eV, corresponding to k, = 3.9 x Gyj9, where
G is the reciprocal lattice vector along the (1 10) z-direction.
The constant energy maps shown in figures 3(b) and (c) thus
represent spherical cuts through the Fermi surface at constant
absolute momentum given by the kinetic energy of the final
state. The cut is close to the high symmetry I'-N-H plane of
the Fermi surface. We measure four photoelectron intensities,

I;ff, where the upper index corresponds to the light helicity
‘+’ for RCP light and * — * for LCP light) and the lower index
corresponds to the spin detector scattering energy (h—high
energy point 11.50eV and 1 at low energy point 10.25eV).
Figures 3(b) and (c) depicts the corresponding results for RCP
light.

In a first step, we separately evaluate the spin polarization
distribution of photoemitted electrons for fixed light helicity,
to test the existence of a finite spin polarization. The corre-
sponding polarization values are calculated by

+_ o+
_ -]

Lt L =1 1
L+t s

= L. 2
I +17 S 2)

-+

where S = is a Sherman function of the spin-filter.

Figures 3(d) and (e) show the spin polarization textures for
RCP and LCP light. Note the three-color code: red and blue
denote opposite spin directions and the grey value the unpo-
larized contribution. The spin polarization values for each
pixel have been averaged wi]th a Gaussian weight function
comprising a radius of 0.1 A, decreasing the statistical error
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Figure 3. (a) measured 3D Fermi surface, high-symmetry

points in the BZ are marked. The blue line marks the spherical
section defined by the constant absolute momentum value for which
the spin measurement has been performed. (b) Constant energy
map of the intensity at the Fermi surface, measured for RCP light
after reflection at the spin filter crystal at the high energy point
11.50eV with positive Sherman function. (c) Corresponding data
after reflection at the low energy point 10.25eV with negative
Sherman function. (d) Spin-polarization distribution for RCP light,
as determined from the data shown in (b) and (c) and represented
in the color code shown in (f). (e) Same for LCP light. (f) Color
code for the representation of spin polarization and intensity. Red
and blue denote opposite spin directions and the grey value the spin
integrated intensity.

for spin polarization values to below 1% near the maximum
intensities on the expense of limiting the momentum reso-
lution to 0.2 Ail. One can clearly see a non-vanishing spin
polarization at the bulk states crossing the Fermi surface for
both light helicities. The bulk states with sizable spin polariza-
tion correspond to the central octahedron (A) and two of the
adjacent balls (B) of the Fermi surface cut close to the I'-N-H
plane (figure 3(a)). The bulk states of the hole-like octahedron
centered at the H-points shows almost no spin polarization.
The result thus directly proves the existence of spin polari-
zation of emitted electrons from spin-degenerate initial bulk
states. The results for opposite helicity differ from each other.
In the following, we disentangle the spin polarization contrib-
utions from final-state interference and optical orientation.
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Figure 4. Spin components and circular dichroism. (a) Perpendicular component P . (b) Fano component Pgq. (¢) CDAD asymmetry

ACDAD .

For separating distinct contributions to the observed spin
polarization, we consider the measured reflectivity R;,; and the
Sherman function S; = —S;, = S = 0.7 in order to obtain the
four intensities

It

up,down

=157 /RuS. 3)

Up (down) refers to the photocurrent for electrons with spin
up (down) referring to the spin-quantization axis (y). Using
the 4 measured arrays we determine the four quantities of
interest (total intensity, P, Poo and Acpap)-

(i) The total spin-integrated intensity

Io = I} + Ifun + Lop + Lioun (4)

serves as the normalization quantity in order to obtain the
polarization or asymmetry values.
(i1) The perpendicular spin polarization (figure 4(a))

P 1= (L = Ligwn + Tup = Ligwn) /10 )
averages out the effect of the light helicity and there-
fore captures the contribution arising due to final-state
interference. As mentioned above, in our case of a cen-
trosymmetric crystal and excluding interface effects, the
initial state spin polarization vanishes. Since the y — z
plane coincides with a crystal mirror plane, the y-comp-
onent of the spin polarization and the circular polarization
simultaneously change sign upon mirroring the experi-
ment at the y — z plane. Therefore, this symmetry dictates
that P(k,) = —P(—k,). Neglecting the linear dichroism,
which is suppressed to a large extent by the normalization
to /o, one also obtains P(k,) = P(—k,) because the x — z
plane also coincides with a crystal mirror plane.

(iii) The spin polarization Pgg caused by optical orientation
(figure 4(b)) is defined as

Poo = (Iyp = Ligwn — I + Ioun) /To- (6)

In this linear combination P, (equation (5)) is averaged
out and one detects exclusively the effect from optical
spin orientation. The symmetry consideration leads to
the conditions P(k,) = P(—k,) and P(k,) = P(—k,). The
optical orientation is a matrix-element effect governed
by Clebsch—Gordan coefficients. According to the rela-
tivistic selection rules, the sign of the spin polarization

reflects the double-group symmetry of the initial state (
[7] and references therein).
(iv) The circular dichroism texture (figure 3(c))

— Loun) /0 )

measures the change of the spin-integrated intensity upon
reversal of the light helicity. The symmetry consideration
of the present experiment results in A(k,) = —A(—ky)
and A(k,) = A(—k,); i.e. similar to case (ii). However, its
physical origin is very different and can be understood
from phase-dependent overlap integrals of initial and
final states as described in [41].

Acpap = (I + Iggn — 1;;,

Using equation (5), we determine P . The result shown
in figure 4(a) reveals a rich fine structure that results from
the final-state wavelength (1.68 A) being smaller than the
nearest-neighbour distance (1.81 /D\) and from the fact that
this component results from the spin-dependent interference
of outgoing partial waves.

The optical spin orientation Pgo (equation (6)) depicted
in figure 4(b) also reveals a high spin polarization with dis-
tinctly different symmetry behaviour than P,. We note that
this result is equivalent to the case of the GaAs-based spin-
polarized electron source but using excitation at much higher
photon energy.

Figure 4(c) finally depicts the circular dichroism in the
angular distribution Acpap measured at the high-energy
working point of the spin filter. From an atomic-like perspec-
tive, Acpap 1s determined by the interference of different
outgoing partial waves being sensitive to their phase-shift
differences. As a consequence of its different origin, Acpap
significantly differs from P, although both have the same
symmetry properties.

Testing the validity of equation (1) on our data, we depict
values for PI defined in figure 5(a) along the profile lines
shown in figure 4, corresponding to the difference of inten-
sity instead of spin polarization values. We have chosen this
data representation to avoid large data scattering at positions
where the intensity almost vanishes. We find that the positive
P maximum at k, = 0.25 10\71 on profile 1 coincides with
negative values for Pog and Acpap- On profile 2 P changes
sign at k, = 0.25 A_l from minus to plus, while Pop changes
sign from plus to minus. Both sign changes coincide with
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Figure 5. (a) P11, Pool, and Acpap/ along line 1 in figures 4(a)
and (b) same for line 2 and (c) same for line 3. The P;/ values are
scaled so that a value of 1.4 at the extrema correspond to a complete
spin polarization.

T
05 S
;2 1
c
5
5 0.0- -
—_
©
I
o
* 05
1.0 05 0.0 05 1.0
-1
kx (A7)

Figure 6. P I and product of Pgol and Acpap along line 1 in
figure 4(a).

a negative maximum for Acpap. The positive P, extrema
near k, = 0.6 10\_1 on profile 3 coincides with Ppp < 0 and
Acpap < 0 in this region. These observations confirm rela-
tion (1).

For a quantitative comparison figure 6 shows the product
Pool X Acpap in direct comparison to P I, revealing a fairly
good agreement. The remaining discrepancies can partly
originate from the modification of equation (1) by the spin—
orbit interaction. Moreover, the larger statistical variation of
P required a Gaussian averaging as compared to Acpap- The
gross features are well described by equation (1).

Conclusion

In conclusion, by using the Feynman formalism, we derive
a relation between the circular dichroism in the angular dis-
tribution, the spin polarization caused by optical orientation
with circularly polarized light, and the spin polarization due
to spin—orbit scattering, which holds for photoemission from

spin-degenerate initial states. To confirm this relation, we mea-
sure the spin polarization of photoelectrons emitted by soft
x-rays from initial tungsten bulk states at the Fermi level. Spin
polarization originating from optical spin orientation by cir-
cularly polarized x-rays (Fano component) and a contribution
from spin—orbit scattering resulting from interference of final-
state partial waves (Mott component P ) are distinguished by
means of four independent measurements. P arises even for
unpolarized or linearly polarized light. The spin polarization
is disentangled from the circular dichroism of the photoelec-
tron intensity (CDAD). In particular, CDAD shows a texture
different from the spin polarization P, although the sym-
metry conditions for both quantities are identical.

A spin polarization that does not result from optical ori-
entation has previously been considered to involve either an
interface breaking the inversion symmetry or a crystal without
inversion symmetry [42]. Therefore, the observed component
P, from initial spin degenerate bulk states represents an
interesting phenomenon. The demonstration of spin polariza-
tion of electrons excited in the soft x-ray regime, previously
considered as an extremely time-consuming experiment, also
paves the way to the analysis of the spin-polarization texture
for initial bulk states in non-inversion symmetric crystals or
ferromagnets, where the spin polarization resulting from the
initial state polarization adds up to the effects described in this
article.
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