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Introduction

It is now a routine matter to calculate band structures using the local density approximation
(LDA) to Density Functional Theory (DFT). A full knowledge of the electronic structure is the
key to understanding the solid state properties of a material. Experimentally, the probe of choice
for determining the electronic structure on a band by band basis is angle-resolved photoemission
spectroscopy (ARPES) [1]. The availability of a variable photon energy source in the form
of synchrotron radiation has made angle-resolved photoemission into a practical and versatile
tool in physics. Photoemission provides a convenient and much-used probe of the electronic
properties [2]. The basis of this spectroscopy is the photoelectric effect in which the energy of
an incident photon is transferred entirely to an electron of the irradiated material. If the energy of
the incident photon is large enough for the electron to overcome the work function of the solid, the
electron can escape the material and is detected by an electron spectrometer. In photoelectron
spectroscopy the surface of the sample is irradiated by monochromatic light of energy Aw and the
kinetic energy of the emitted electrons is measured. Angle-resolved photoemission determines,
as well as the energy, the emission angle of the photoelectrons and thus measures the external
momentum. Finally, in spin- and angle-resolved photoemission the polarisation of the emitted
electrons can also be analysed. These observables yield information about the binding energy
Ep, the momentum k, and the spin s of the electrons inside the solid. By proper choice of the
angle and polarization of the incident radiation, the analysis of the obtained electron energy

spectrum can be simplified enormously by the symmetry selection rules [3].

The need for a relativistic approach to the theory of photoemission is clear. Relativistic effects
such as spin-orbit coupling, play a key role in the electronic structure of all materials, and

this increases dramatically with atomic number. These effects were studied in pure metals by
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McDonald et al. (1981) [4] and Fasol et al. (1988) [5] and in random alloys by Ginatempo
and Staunton (1988) [6]. Strange (1998) [7] discusses relativistic effects in solids in general.
All these calculations have their foundations in relativistic spin-density functional theory so
any calculation that bridges the gap between first-principles energy bands and experimentally

measured photoemission spectra is worthwhile.

For pure metals the framework for the required calculations of the photocurrent has already been
developed. A quite general theory that includes ferromagnetic order on an equal footing with
relativistic effects was put forward by Ackermann and Feder (1985a) [8]. A theory of energy-,
angle- and spin-resolved photoemission spectroscopy of non-magnetic crystalline metals on the
basis of relativistic quantum mechanics was written down first by Ginatempo et al. (1989) [9].
Here I present a derivation of the theory of relativistic spin-polarized photoemission based on
the real-space Green’s function method [10]. The real-space multiple scattering theory offers
a fertile field of investigations of systems with arbitrary arrangements of atoms. It also has
the advantage of a simple expression for the photocurrent in terms of site-off diagonal multiple
scattering quantities and the site dependent matrix elements. This theory implements the real-
space theory of Durham (1984) [11], within the framework of the one-step model of Pendry
(1976) [2]. The formulation of the theory of photoemission discussed here builds on previous
work. The underlying theory of photoemission is identical to that of Ebert and Schwitalla
(1996)[12], however, their implementation was for bulk materials only. In the present formulation
a real space implementation has been developed analogous to the non-relativistic theory of Ernst
et al. (1998)[13]. This means that we can treat systems of low dimension, particularly surfaces

and nanostructures easily.

Theory

The relativistic theory of photoemission is really an application of the first order Golden rule,
giving the transition rate between the initial state |7) and the final state | f) due to a perturbation.

For a single process this is
2
T= —3 Z//iﬁ}(r)H'(r)ImGT(r,r';ei)H'T(r)¢f(r')d3r d3r! (1)
f
where
H'(r) = —eca - A(r) (2)

is the perturbation responsible for the transition and describes the electron-photon interaction.
Here G"(r,r';¢;) is the retarded Green’s function at energy €, and vy is the so called time

reversed low-energy electron diffraction (LEED) state given by

brl) = 9) + [ G x's V () (')l Q)

which describes the final state of the electron. This equation follows from the asymptotic formula
of the retarded Green’s function. The retarded Green’s function G"(r,1’;¢;) in equation (1) can
be calculated using the powerful technique of multiple-scattering theory. The crystal potential

V(r) is the total potential in the one-electron Dirac Hamiltonian taken to consist of an array of
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non-overlapping muffin-tin potentials representing the lattice of atoms.
I‘) = Z’Ui(r — Rz) (4)
i

Accordingly we write the total potential as a sum over the lattice sites R; where v;(r) is a

muffin-tin potential at site . Outside the muffin-tins a constant potential is assumed.

An essential feature of this approach is the use of the 7-matrix representation of multiple-
scattering theory developed by Gyorffy and Stott [10] in which the retarded Green’s function is
defined as

(r,r',€) ZZZAl I‘ETAlAz( ZA2 r';e) ZZA JAr €) (r<r’) (5)
A1 Ao

The 7-matrix 7'}3 Av(€), is a site and km; decomposition of the total T-matrix at energy € and the
Zs(r;€) and Jas(r;€) functions are the regular and irregular solutions of the Kohn-Sham-Dirac
equation with the single-site muffin-tin potential v(r). These can be expanded in terms of radial

and angular components:

gm0 (B
ZAI (I‘; 6) = E . emy! m;' (6)
and

IACCEEDS . (7)

W\ G fn )™ ()

where the xn? are the usual relativistic spin-angular functions. Using equation (5) for the
retarded Green’s function with r < r’ in the Dyson equation (3) the time-reversed LEED state
takes the following convenient form:

1/2
4 W + mc? ) ] e, »
i (7) Y (=)'CUggmj +ms —ms)Y, T (<)

Pr(r) = N T 2
ZW&Zﬁzrmmm (8)

where C(I % Jimj+mg, —my) is a Clebsch-Gordon coefficient, Ylmj s (—lAc) is a complex spherical
harmonic, and 7 is the time-reversal operator. W is the total energy, including the rest mass

energy. Equation (9) is the expression for the final state of the electron after photoemission.

Using the 7 representation of the retarded Green’s function (5) and equation (9) in (1), the
photocurrent can be given as a sum of the inter-site contribution M;;(e + hiw), and the intra-site
contribution I;(e + hw):

T= ZMZ]e-I—hw +ZI (e + hw). (9)

ij

The separation of the photocurrent equation into two contributing terms is done for convenience
only because the intra-atomic term I;(e+hw) vanishes for real energies and need not be calculated
in this case. Thus we have obtained a fully relativistic photocurrent formula which is valid for

any atomic arrangement. In essence we need to solve the multiple-scattering problem, that is
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to find the single-site solution for the t-matrix, and the 7-matrices for low and high energies,

which can be done using many well known methods.

One approach is the real-space cluster method for evaluating (5) and (9). In this case the

T-matrix can be obtained by inversion of the KKR matrix:

() = [t () — go()] (10)

For sufficient accuracy to describe real surfaces one usually needs to take into account a suffi-
ciently large cluster. Our experience has been that we require at least about 100 atoms, because

of the long range behaviour of the structure constants.
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Figure 1: Photoemission spectrum of Ni(100). (a) Calculated photoemission spectra from d-
ifferent sized fcc configured clusters of atoms. (b) Experimental photoemission spectrum of
Ni(100).

Figure 1 shows the convergence of the angle-resolved photocurrent for incident light of hw=44.0
eV as a function of the size of cluster. Our calculations have been performed with broadening in
the energy of 0.01 Ryd. What is evident is that the main features of the experiment (Figure 1(b))
are revealed by a relatively small cluster of 45 atoms but the Bloch State appears when the
features no longer shift in energy e which occurs with a cluster size of 87 atoms. The photocurrent
for the cluster of 87 atoms is closer to the experiment but in this case the KKR-matrix is large,
approximately 2800 x 2800, and needs 1.5 hours of CPU on a Dec Alpha 500 Series for the
inversion of one energy point [14]. However with the inversion completed, the photocurrent for

all # and ¢ angles can be calculated without any further matrix inversion.

Calculations for Iron metal

Iron is an excellent metal to test relativistic theories because we have a reliable potential that
reproduces experiment for Magnetic X-ray Circular Dichroism in absorption [15]. We have
performed photoemission calculations on a cluster of 55 iron atoms where all atoms are described

by identical bulk potentials. Clearly this takes into account surface geometry but neglects

111



changes in the potential due to the closeness of the surface. This is not a necessary restriction,

but is done in this case for illustrative purposes only.
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Figure 2: Symmetry resolved valence band structure of Fe(001). Bands with A7+, Ag+, Ar—
and Ag— double point group symmetry are distinguished as labelled in the figure. The thin
solid lines are sections of the final state band, shifted down by the indicated photon energy. (b)
as in (a) but for the Fe(100) direction.

Figure 2 shows the symmetry resolved band structure for Fe along two perpendicular directions
of the Brillouin zone. Panel (a) shows the (001) direction with perpendicular magnetism. Panel
(b) shows the (100) direction where the magnetic moment is oriented in plane. The (near)
vertical solid lines are sections of the final state band shifted down by the energies used in the
calculations. This clearly indicates the allowed transitions. At I' the bands are identical in both
figures of course. At I' the band structure yields values for the exchange splitting of 2.1 eV and
the crystal field splitting between the majority spin bands is 3.3 eV. The inset boxes in figure
(1) not only show up the spin-orbit splitting at ' but also clarify the differences in the band
structure in the different directions as we proceed away from I'. The differences in the bands

are due to the subtle interplay between spin-orbit coupling and the magnetisation.

In figure (2) we observe the spin-resolved photoemission spectra attained with a 60 eV photon
incident normal to the Fe(001) and Fe(100) surfaces. Incident radiation of this frequency probes
the Brillouin zone close to I'. Following Kuch et al[16] right and left circularly polarised incident
photons will produce an asymmetry that is of use in determining the spin-orbit and magnetic
anisotropy in local regions of k-space. Panel (a) decomposes the total photocurrent (solid line)
generated with right circularly polarised photons into minority (dashed line) and majority (dot-
ted line) spin contributions. Clearly the peak at -0.65 eV binding energy identifies transitions
from the A+ band with a predominantly minority spin character. The peak at -2.5 eV marks
transitions from the majority A3— band. Panel (b) shows similar spectra attained with left
circularly polarised incident radiation. This time the features mark transitions from A2— at
-2.6 eV and A3+ at -0.55 eV. The total emission curves from panels (a) and (b) are brought
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Figure 3: Spin-resolved photoemission spectra obtained with 60eV photons incident normal to
the Fe(001) (perpendicular magnetisation) and Fe(100) (in-plane magnetisation). The calcula-
tions were performed with the same input parameters as used to calulcate the band structure
of figure 2. Solid lines represent total emission and dashed (dotted) lines represent contribu-
tions from minority (majority) spin channels. (a) Right circularly polarised incident photons
at the (001) surface. (b) Left circularly polarised photons incident at the (001) surface. (c)
Assymetry between the totla spectra from panels (a) and (b) yielding the spin-orbit splitting.

(d) Spin-resolved photoemission from the Fe(100) surface.
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together in panel (c) and the spin-orbit splitting of 90 meV can be clearly seen.

We can compare the spectra probing close to I' in both the (001) and (100) geometries. The
in-plane magnetisation in the (100) case means there is no dichroism at normal incidence, the
total photocurrent, and spin decomposed photocurrent for light incident normal to the Fe(100)
surface is shown in panel (d). Comparison of the peak positions in panels (c) and (d) yields an
energy shift of 50 meV. Similarly, at around -0.5 eV there is an energy difference of 50 meV
due to the minority spin band with approximate AJ— symmetry shifting upwards and swapping
places with the A3— like band at T.

Figure (1) illustrates a common feature of band structures calculated relativistically, the avoided
crossings at k; ~ 0.3(27/a). At such points the bands may change their spin character, and
consequently cannot be ascribed a spin label. Such points will yield common features in both
the majority and minority spin photoemission spectra and identification of these points in the

photoemission spectra with such band features should be straightforward.

Summary

We have reported on the development of a real-space fully-relativistic spin- and angle-resolved
photoemission code in the independent particle approximation. The code takes potentials gen-
erated elsewhere and puts them into a geometry of choice. The method underlying this develop-
ment is formulated in terms of multiple scattering theory with the real-space representation of
the Green’s function. The multiple scattering part in the photocurrent formula is separated from
the angle-dependent part, leading to an essential simplification of the photocurrent calculations.
The photocurrent formula is general and can be easily adapted to the symmetry of the problem
at hand. The code is user friendly and yields results that can be used to give an easy handle
on the main features of the photoemission spectra. The computations are limited by the size of

the cluster that may be treated.
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