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Abstract

Spin-resolved photoemission is one of the most direct ways of measuring the
magnetization of a ferromagnet. If all valence band electrons contribute, the
measured average spin polarization is proportional to the magnetization. This is
even the case if electronic excitations are present, and thus is of particular
interest for studying the response of the magnetization to a pump laser pulse.
Here, we demonstrate the feasibility of ultrafast spin-resolved photoemission
using free electron laser (FEL) radiation and investigate the effect of space
charge on the detected spin polarization. The sample is exposed to the radiation
of the FEL FLASH in Hamburg. Surprisingly, the measured spin polarization
depends on the fluence of the FEL radiation: a higher FEL fluence reduces the

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence.
B Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal

citation and DOI.

New Journal of Physics 16 (2014) 043031
1367-2630/14/043031+09$33.00 © 2014 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft


mailto:afognini@phys.ethz.ch
http://dx.doi.org/10.1088/1367-2630/16/4/043031
http://creativecommons.org/licenses/by/3.0

New J. Phys. 16 (2014) 043031 A Fognini et al

measured spin polarization. Space-charge simulations can explain this effect.
These findings have consequences for future spin-polarized photoemission
experiments using pulsed photon sources.

Keywords: spin-polarized photoemission, free electron laser radiation, space
charge

1. Introduction

Photoemission spectroscopy allows for direct access to the band structure of a solid [1, 2].
Modern vacuum ultraviolet (VUV) and x-ray sources enable high-resolution angular resolved
photoelectron spectroscopy [3, 4], allowing for imaging of the Fermi surface. Photoelectron
spectroscopy can be extended by a spin detector in order to resolve the spin-split band structure
of magnetic samples [5-7]. This way, the electronic origin of magnetism can be directly
observed. The next frontier is to extend photoelectron spectroscopy into the time domain to
study the dynamics of the electron and spin systems [8]. In a corresponding pump-probe
experiment, the photon energy of the pulsed light source is essential as it determines which part
of the band structure can be accessed. Titanium sapphire lasers combined with third and fourth
harmonic generation stages as well as two-photon photoemission experiments offer the
possibility to investigate electron dynamics close to the Fermi energy [9—11]. The development
of higher harmonic generation sources [12-15] extends laser-based femtosecond light sources
to the VUV range. Still, due to the limited photon flux of laser-based sources, ultrafast
spin-resolved photoemission from the entire valence band is difficult to achieve. Here, we
present an experiment investigating the feasibility of photoemission with spin analysis using
free electron laser (FEL) radiation. FEL radiation provides the short pulses, the high photon
flux, as well as the photon energy required for spin- and time-resolved photoemission
experiments. However, FELs are challenging sources, especially in the case of photoemission
experiments [16]: in classical photoemission experiments the usual flux of the source is rarely

higher than 10'* photons per second (e.g. a synchrotron source). At these conditions, the number
of generated photoelectrons at any time is low enough that they hardly interact with each other.
In contrast, the peak intensity during the femtosecond FEL pulses is several orders of magnitude
larger. This large number of quasi-simultaneously emitted photoelectrons causes a space-charge
cloud in front of the sample, which then causes a distortion and shifting of the detected
photoelectron spectra [16]. In contrast, for energy-integrated yet spin-resolved experiments, one
would not expect space-charge effects to affect the detected spin polarization: once the electrons
are in vacuum, electron—electron scattering will not affect the total spin angular momentum of
the electron cloud. Therefore, the average spin polarization of the photoelectrons is expected to
remain independent of space-charge effects. This conjecture is experimentally tested at the PG2
beamline [17, 18] of the free electron laser in Hamburg (FLASH).

2. Experimental setup

The principle of the experiment is shown in figure 1. An iron film on tungsten (110) serves as
the magnetic sample.
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Figure 1. Experimental overview: the iron film is probed by FEL pulses, which generate

an electron cascade. An electric field of 22 kV m™" applied between the sample and the
first lens element accelerates the electrons towards the first lens element. The spin
polarization is measured with a Mott detector.

2.1. Sample preparation

The tungsten single crystal is cleaned by oxygen annealing and subsequent high-temperature
treatment in an ultra-high vacuum. After cooling down to room temperature, a 15 monolayer
film of iron is deposited by evaporation at a pressure of 107" mbar. Details of the sample
preparation process have been published previously [19]. The single crystalline iron film has a
magnetic in-plane easy axis along the [110] direction and yields, after being brought to
magnetic saturation, a magnetic single domain remanent state [19].

2.2. Excitation of the sample

After preparation, the sample is transferred in situ into the measurement chamber. A pulsed
magnet is used to switch the magnetization of the sample. Its pulses have a maximum field
strength of 3000e and a pulse length of 15us. During the measurement, the sample
environment is field free and the sample magnetization M, | remains in remanence. The sample

can be probed by FEL pulses of ~50 fs full width half maximum average length at a photon
energy of 182 eV. The pulse length was determined from the photon spectra and the dispersion
properties of the PG2 beamline. The FEL pulse energy on the sample fluctuates in the range of
6-300 nJ per pulse, and the FEL impinges under 45° onto the sample. The spot size of the FEL
beam on the sample is 130 x 150 ym’. In addition, the measurement chamber is equipped with
an electron gun to perform static measurements.

2.3. Electron optics and spin detection

The FEL pulses or the electron gun create electron emission from the sample. The electrons that
actually leave the sample mostly originate from the iron film as the inelastic mean free path is



New J. Phys. 16 (2014) 043031 A Fognini et al

shorter than the film thickness [20]. The cascade electrons are collected by an electrostatic lens
system, which provides no energy analysis. This lens system can be replaced by a hemispherical
energy analyzer for the energy resolved experiments. A Mott spin polarimeter is used in both
cases to detect the spin polarization along the magnetization direction of the sample. Inside the
Mott polarimeter, the electrons are accelerated to 50 keV and scattered on a gold foil 80 nm
thick. The scattered electrons are detected by passivated implanted planar silicon (PIPS)
detectors. They provide a voltage pulse proportional to the deposited energy. In the case of
experiments using the continuous beam from the electron gun, we detect less than one electron
within the dead time of the PIPS detectors. Therefore, conventional electron counting is used. A
discriminator circuit is used to select events from elastically scattered electrons only. The
polarization can be determined as [5]
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where Nll;.iright is the electron count rate for the right- and left-detector channel and

magnetization directions M, . §, = 0.17 is the Sherman factor, which characterizes the

e
sensitivity of our spin polarimeter.

In the case of experiments using FEL radiation, the situation is different as electrons are
emitted by short VUV pulses. More than one electron per pulse can reach the PIPS detectors,
and single electron counting becomes impossible. Therefore, it is not possible to discriminate
between elastically and inelastically scattered electrons. However, the PIPS detectors provide an
electrical pulse height Ill;irigh[ proportional to the total number of electrons per FEL pulse.

From the averaged pulse heights, the electron polarization P is calculated by replacing the
count rates in equation (1) by the corresponding pulse heights:
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Here, the Sherman factor S is calibrated with measurements at a FEL pulse energy of

E
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(2)

< 1.5 uJ cm™. The result is scaled to match that obtained with the electron gun. This way,

Seg 18 determined to be 0.1. The reduction in the Sherman factor S, compared to S, is due to
the inelastically scattered electrons included in the FEL-based measurement.

3. The influence of FEL pulse energy on measured spin polarization

In principle, one would not expect the measured magnetization to be affected by the FEL pulse
itself: the maximum pulse energy per unit area of the FEL beam in this experiment is two orders
of magnitude smaller than needed by near infrared pump lasers to demagnetize the sample [8].
Nevertheless, one finds a threshold FEL pulse energy density of about 10 xJ cm ™, above which
P is gradually reduced; see figure 2(a). Since the sample does not get demagnetized by the FEL
pulse, the detection method itself must be influenced by the pulse energy. Note that the
FEL-based experiments were performed without electron energy analysis.
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Figure 2. (a) FEL intensity-resolved polarization measurement. The dots show the
measurement of the spin polarization for a 15 monolayer thick iron film, and the black
line corresponds to the space-charge simulation result. (b) The number of detected
electrons as a function of the FEL pulse energy. The black line shows the space-charge
simulation result. (c), (d) The polarization and yield of the secondary electron cascade,
excited with an electron gun at 4 kV primary energy, showing the enhanced spin
polarization for low-energy cascade electrons. The shaded area highlights the part of the
spectrum that is suppressed by space charge. The higher the space charge, the more low-
energetic electrons are hindered from escaping the sample.

3.1. The role of space charge

The high peak intensity of the FEL is challenging for all photoemission experiments [16]:
the immediate release of electrons from the sample causes a cloud of electrons in front of
the sample. The Coulomb interaction within the space-charge cloud alters the
photoemission spectrum. The space charge can even reduce the photoelectron yield as
seen in figure 2(b): without space-charge effects, one would expect a linear dependence
between the number of detected electrons and the FEL pulse energy, in contrast to the
observed behavior. The question then arises as to whether the space charge can also affect
the detected spin polarization. To address this question, we need to know which electrons
are repelled by the space-charge cloud. Intuitively, one expects that lower energy electrons
are predominantly suppressed by the Coulomb force of the cloud as they need the least
momentum transfer to change their trajectories. If the spin polarization of the cascade
electrons depends on their kinetic energy, the space charge can indeed affect the
polarization of the detected electrons.



New J. Phys. 16 (2014) 043031 A Fognini et al

40mm ——— »f] Aperture

. e~ bunch L]
Cathode .

E=-22kV/m L

i20mm

t

Figure 3. Geometry of the simulation: the electrons are emitted from a photo cathode
and are accelerated towards an aperture. The aperture corresponds to the size of the first
element of the electrostatic lens system.

Figures 2(c) and (d) show the energy dependence of the spin polarization and emission
current from our sample, excited with a continuous electron beam of 4 keV primary energy,
providing a space-charge free reference. These measurements have been performed in the
same experimental chamber. In order to detect spin-polarized spectra, a hemispherical energy
analyzer is used in front of the Mott detector. The polarization peak at *2 eV is caused by the
well-known spin filter effect [21]. If the space charge reduces the amount of these low energy
but highly polarized electrons, the polarization reduction observed in the FEL experiments
could be explained solely by a space-charge effect.

3.2. Space-charge simulation

To quantify the above ideas, we simulate the space-charge effect using the tracking algorithm
astra'’, which solves the electric field of the electron cloud and computes the particle
trajectories. The initial spatial distribution of particles at the cathode is chosen to follow a
Gaussian profile of ¢, = ¢, = 50 um, the approximate spot size of the FEL beam; see figure 3.

The cathode randomly deploys charged particles. The temporal profile of the sample current is
assumed to be an exponentially decaying function with a time constant of ¢ = 100 fs. This time
accounts for the FEL pulse length and the formation time of the cascade [22]. The initial

photoelectron spectrum N, (Ekin) and its corresponding polarization B, (Ekin) are taken from the
measurements shown in figures 2(c), (d). The particles leaving the cathode are accelerated by a
static electric field of E = 22 kV m™', provided by the potential difference between the sample
and the first lens element of the electron optic system. The simulation deploys electrons
randomly drawn from the initial spectrum and calculates their trajectories influenced by the
space charge. An aperture corresponding to the entrance of our electrostatic lens is included.
The simulation is undertaken as a function of the total emitted charge, Q = 10°° — 10™' nC,
corresponding to N = 10* — 10° emitted electrons per pulse. The result is the spin-polarized
photoelectron spectrum at the entrance of the electrostatic lens system, which is modeled by the
aperture.

3.3. ASTRA simulation results

Figure 4 shows the simulated spectra at the entrance of the lens system as a function of the
initial kinetic energy. The spectra are shown for different total emitted charge values. For low

19" Available at http://www.desy.de/~mpyflo/
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Figure 4. The spectrum of simulated electrons that pass through the space charge cloud
and enter the electron lens, for different total charge values. The spectra have been
scaled by the total charge values. For that reason, all spectra match up above 10eV.

values of the emitted charge, the space-charge effect is negligible and the final spectrum is
essentially the same as the initial one. As the total charge increases, the space-charge effect
develops. Lower energy electrons are held back by the space-charge cloud and can not reach the
lens entrance. The acquired spectra are now used to calculate the spin polarization of the
remaining electrons.

3.4. Calculated reduction of the detected polarization

Based on the simulation, we know the probability

N (E. 1)
wED =N ED

that an electron reaches the aperture. Notice that E denotes the initial kinetic energy of the

electrons. / is the pulse energy of the FEL, and N, is the number of electrons reaching the

3)

aperture. With the measured initial polarization distribution P, (E ) we obtain the resulting spin
polarization at the aperture as
P.(I)= -~ A " B (E)w(E. 1)dE )
AE Jo
with AE = 30 eV. The bound is given by the width of the measured initial energy spectrum and
covers the most significant part of the cascade electrons.
The simulated polarization P, (I ) decreases from 18% to 10% within an emitted

charge range of 10° nC, visible in the simulation curve in figure 2(a). The only fitting parameter
in our simulation is the total number of emitted electrons per absorbed photon of 0.07.
Comparison of the simulations with the measured polarization from the FEL source shows that
the space-charge effect can account for the loss of polarization in the FEL-based photoemission
experiment.
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4. Conclusion

Our experiment shows that the measured spin polarization can be affected by space-charge
effects, therefore limiting the number of usable photons per pulse at ultrafast x-ray and VUV
sources. Space-charge effects can be reduced by increasing the FEL spot size, which in turn
requires a higher pump pulse energy to excite the sample in a pump-probe configuration. An
improvement in detector efficiency would allow us to decrease the probe flux and still provide
enough photoelectrons for measurement. Novel spin detectors utilizing an elastic scattering of
electrons on analyzer crystals combined with parallel detection can be used to enhance the
detection efficiency by several orders of magnitude [23]. In addition, it is essential to utilize
sources with a higher pulse repetition rate and reduced number of photons per pulse. FLASH is
exceptionally suited to spin-resolved photoemission experiments as the superconducting linear
accelerator structure allows for longer pulse trains than conventional linear accelerators. Future
high-repetition-rate superconducting FELs [24] and laser driven higher harmonic sources will
allow for direct insight into the femtosecond dynamics of the spin and electron systems of
solids.
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