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In this project we have made good progress in the understanding of the
photoemission process for (1) time delay and (2) resonance effect upon core-level excitation. (1) By
directly comparing the solution of the time-dependent Schroedinger equation with a multiple
scattering calculation in a one-dimensional model, we have shown how Wigner delay theory can be
generalized from atoms to solids. Second, we have explained the oscillations of the time delay as a
function of energy, observed in photoemission from Cu, by ab initio calculations [Optica 4, 1492].
(2) We have developed a theory and computer code for angle-resolved photoemission/photoelectron
diffraction at core-level resonances of 3d metals by combining atomic multiplet theory and multiple
scattering [J.Phys.Soc.Jpn 87, 061007]. We have fully reproduced the experimental resonant
photoemission spectra of Ni(111), and have explained the recent, first observation of the Daimon
effect in resonant photoelectron diffraction.



1. Background
Photoemission is one of the most important experimental methods for our understanding of the electronic

structure of matter. In recent years, the instrumentation has made tremendous progress, in terms of energy,
angle and time resolution as well as the speed of data acquisition. This experimental progress must be
matched by advancesin theory. Especialy (i) the sub-femto-second dynamics of the photoemission process
and (ii) core-level resonance effects are till poorly understood. About (i) there is now a rather good
understanding for the case of photoemission from gas phase atoms, through direct solution of the time-
dependent Schrédinger equation (TDSE). However, for the technologically much more important case of
photoemission from solids, the numerically very heavy TDSE cannot be solved, and strong approximations
are needed. Usually the true crystal potential by some one-dimensional model potential. While this
approach can give good physical insight, it isinsufficient for understanding material dependent properties.
About (ii), thereis arapidly increasing amount of high-resolution resonant photoemission data for various
kinds of materials. At a core-level resonance, the photoemission intensity gives chemically and site-
resolved information about the valence electronic states [P. Kriiger et al. Phys. Rev. Lett. 108, 126803
(2012)]. However, the interpretation of angle-resolved resonant photoemission is very difficult without
comparison with theory. When we started our project, there was no good computational method available.
2.Aim

In part (i) of the project we tried to find an alternative route for understanding the time-delay in
photoemission, such that a realistic description of the surface becomes possible. Rather than solving the
numerically very heavy TDSE, we want to obtain the photoemission time-delay from stationary scattering
theory. That thisis possible in principle was shown long ago by E. Wigner. The Wigner time-delay concept
has been successfully applied to gas phase atoms, but never to large molecules or solids. Therefore, the
main challenge was to find a way how to generalize the Wigner time-delay theory to solids.

In part (ii) our aim was to develop a theoretical method and a computer code for angle-revolved resonant
photoemission spectra for materials relevant for spintronics applications. At project application time, we
focused on the topologically (Rashba-type) BiAg surface aloy, where strong resonant effects had
apparently been observed recently. However, after reexamination, the resonance effect turned out to be very
small, and therefore we changed our plan somewhat, by focusing on nickel, an important ferromagnetic
material for which angle-resolved resonant photoemission has recently been measured.

3. Methods

We have used various theoretical methods, including numerical solution of the time-dependent Schrodinger
equation with the Runge-K utta method, exact diagonalization of the crystal-field multiplet model, as well
as multiple scattering theory. For resonant photoemission, we have written a new code and have combined

it with the multiple scattering software EDAC for the diffraction of the emitted electron.

4. Results



(1) Theory of time delay in photoemission from surfaces.

We have met most of our objectives and have made good progress especially along the following two
lines. We have done theoretical calculations for estimating the photoemission time-delay from a copper
surface, measured through atto-second pump-probe experiments by our colleagues at the ETH and
University Zurich, Switzerland. To this end, we have computed the band structure of copper using density
functional theory along special, curved lines in the Brillouin zone which correspond to the experimental
photoemission angles. The copper bandswere calculated over alarge energy range from valence band initial
states to 40 eV above the Fermi level, see Fig.1. The group velocity of the outgoing photoelectron was
computed from the band dispersions of the final state bands, using a computer code that we have written
for this purpose. From the calculated group velocity the time-delay of the emitted photoelectron could be
estimated. Depending on the energy of the Laser light, good agreement with experiment was obtained with
group velocities calculated either from the band structure or from a free electron model, This indicates that
the excited electron needs some time before its motion is affected by the crystal potential. If thistimeis
larger than the escape time, the photoel ectron dynamicsiswell described by free electron model. Thiswork

was published in the high impact factor (9.3) journa Optica[1].
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Fig.1 Cu band structure and group velocity Fig.2 Time delay for single barrier scattering

We have studied and developed theoretical methods in order to generalize the Wigner time-delay to
solids. First, we computed the time-delay of an electron, which is scattered at an array of potential barriers,
by numerically solving the time-dependent Schrodinger equation (TDSE) for a wave packet in one
dimension (Fig.2). Depending on the width of the wave packet, the time delay of an array of barriers may
scale differently with the number of barriers. For largely spaced barriers the total time-delays is just the
sum of the time-delays of the individual barriers. For wave packets larger than the barrier spacing, multiple
scattering interference effects are strong. We found that for an infinitely large wave packet (i.e. a plane

wave), the time delay can be obtained from the scattering phase shifts in a multiple scattering calculation.



This is a simple generalization of the Wigner delay to solids. The only change is that single atom phase
shifts are replaced by multiple scattering phase shifts. However, this method is not accurate enough for
narrow wave packets or low photoelectron energies. Therefore, a second scheme was developed which
consists in computing the wave function amplitudes by multiple scattering over some energy range and
then reconstructing the total phase shift of the wave packet as an energy integral. According to our tests,
this way always leads to time-delays in agreement with the TDSE. This method will be implemented in our
photoemission programs in the near future.

(2) Resonant photoemission of spintronics materials

In this part of the project we have met our main objective by developing a new theory for angle-resolved
resonant photoemission. Resonant photoelectron and Auger electron emission is a second order process,
including an optical excitation and an Auger-type decay due to electron-electron scattering. We have
focused on photoemission at the core-valence resonance of atransition element, where the resonance effect
islarge and gives information about the magnetic state of the ion. Because of the atomic-like nature of the
core-level, the resonant spectra provide an atom-projected picture of the valence state which is very useful
for active site analysis. For the energy and angle-dependence of the resonant spectra, the following two
pointsare crucial. (i) The strong electron correlation effect in the 2p-3d excitation and Auger decay process
which gives rise to a complex energy spectrum with many-electron multiplet splittings. (ii) The scattering
of the photoemitted electron by the neighboring atoms which leads to clear diffraction patterns at single
crystal surfacesand can be used to identify the emitter site. In this project we have devel oped the first theory
of resonant photoemission which describes well both effects (i,ii). This was done by combining a many-
electron atomic multiplet calculation program for the local resonant process, with a single or multiplet
scattering calculation for the propagation of the emitted electron. The multiplet program was written from
scratch. The final state energies and photoel ectron wave function amplitudes so obtained were used asinput
for a photoelectron diffraction calculation carried out with the EDAC software. We have applied the new
method to 2p3d3d and 2p3p3d resonant Auger emission from a Nickel (111) surface, which has been
measured recently [F. Matsui et al. Phys. Rev. B 97, 035424 (2018)]. Asseenin Fig. 3, the energy spectrum
iswell reproduced in the calculations, which proves that the atomic multiplet approach is well justified. We
next focused on excitation with circularly polarized light, because circular dichroism is a good probe of
local magnetic moments. We have analyzed the angular momemtum transfer from the light to the resonantly
emitted electron. We found that the amount of angular momentum transfer depends very much on the
binding energy through the final state multiplet, i.e. the spin and orbital moment of the ionized atom. For
certain energies, the angular momentum of the emitted electron can even be opposite to that of absorbed
light. Such a reversed angular momentum transfer has been observed by F. Matsui et al. in the Ni 2p3p3d
spectra and our theory fully explains the experimental data. A publication summarizing our results is in

preparation.
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Fig.3 Ni 2p3p3d resonant photoemission: (a) calculated line spectra (b) broadened spectra (c) experiment.

(3) Further results obtained in the process of developing new theoriesfor (1,2)

In the search for a good calculation method for angle-resolved photoemission, we have conceived a
new scheme, where the photoel ectron wave function is constructed from density functional theory supercell
calculations, which is very accurate and flexible. All wave functions are computed in the supercell method
and matched to the free-electron photoel ectron states at some distances from the surface. The method was
implemented in a one-dimensional model and gave good results for normal emission from graphene [3].

Focusing on oriented mol ecul es, we have compared different schemes used for final state wave function,
namely the plane-wave approximation, the independent atom approximation and full multiple scattering
calculations. We have found that the popular plane-wave approximation can give good results for parallel
emission but completely fails to account for the polarization dependence of the intensity patterns [4].

For the atomic multiplet calculations, we have developed a method for computing ligand field
parameters. Usually, these parameters are obtained by afit to the experimental data. Thisisimpossible for
low-symmetry or multi-site systems. In our new method, the parameters are easily obtained from a standard
density functional theory calculation. We have tested the method for transition metal oxides and metal

phthal ocyanines and have obtained very good resultsin all cases[5].
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