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Abstract

Magnetism is a familiar phenomenon, and is applied in a variety of devices, from simple
ones, like compasses, to the more sophisticated magnetic hard disk drives. It is also known
that the magnetization of a material can change, for example by heating or by exposure to
an external magnetic field. The dynamics of transitions between different magnetizations,
however, is largely unknown, particularly in complex materials. To further the understand-
ing of such dynamics, this thesis presents an observational study of the dynamics of laser
induced demagnetization of permalloy (Ni0.8Fe0.2).

Dynamics were studied with element-specificity, i.e. Fe and Ni were studied simultane-
ously, but separately, rather than studying the overall material. The study was conducted
at the HELIOS laboratory at Uppsala University, which features equipment for the study of
magnetization dynamics. Important concepts like high-order harmonic generation (HHG)
and the transverse magneto-optic Kerr effect (T-MOKE) are discussed. HHG is the laser-
induced generation of high energy photons, and T-MOKE relates the intensity of reflected
light to the magnetization of the reflecting material.

The study revealed a very short demagnetization time, and maximum demagnetization
of both elements was achieved within 1 picosecond. An onset delay in the demagnetiza-
tions of Fe and Ni of about 25 femtoseconds was also observed. Both phenomena have been
previously reported. The results further imply that the magnetizations diverge over a 10
picosecond time interval after the onset of demagnetization, which has not been previously
reported. The apparent divergence may be due to an unknown transient setup-related
issue. The short demagnetization times, as well as the onset delay could potentially con-
tribute to the development of a more complete theory of magnetization dynamics.

Sammanfattning

Magnetism är ett bekant fenomen, som utnyttjas i allt från enkla tillämpningar, som kom-
passer, till mer sofistikerade sådana, som hårddiskar. Det är också känt att magnetiseringen
i ett material kan ändras, t.ex. genom upphettning eller genom att det utsätts för ett yttre
magnetiskt fält. Dynamiken vid övergångar mellan olika magnetiseringstillstånd är dock
ett relativt okänt ämne, i synnerhet när det kommer till komplexa material. För främjandet
av en större förståelse inom ämnet, presenteras här en observationell studie av dynamiken
för laserinducerad avmagnetisering av permalloy (Ni0.8Fe0.2).

Dynamiken undersöktes med grundämnesspecificitet, d.v.s. Fe och Ni undersöktes
samtidigt, men var för sig, snarare än att materialet undersöktes som helhet. Under-
sökningen gjordes vid HELIOS-laboratoriet vid Uppsala Universitet, som tillhandahåller
utrustning för undersökning av magnetiseringsdynamik. Viktiga koncept diskuteras, så-
som övertonsgenerering och den transversella magnetooptiska Kerr-effekten (T-MOKE).
Övertonsgenerering innebär laserinducerad generering av högenergifotoner, och T-MOKE
relaterar reflekterad intensitet till magnetiseringen i det reflekterande materialet.

Undersökningen påvisade en mycket kort avmagnetiseringstid, och maximal avmagne-
tisering nåddes inom en pikosekund. En relativ tidsförskjutning mellan avmagnetiserings-
förloppen för Fe och Ni om ungefär 25 femtosekunder observerades också. Båda fenomen
har rapporterats tidigare. Resultatet visar även en divergens mellan magnetiseringsförlop-
pen under ett tidsspann på 10 pikosekunder efter avmagnetiseringens början, vilket inte
har rapporterats förr. Den skenbara divergensen kan bero på ett okänt, tillfälligt problem i
uppställningen. Den korta avmagnetiseringstiden och den relativa tidsförskjutningen skulle
kunna bidra till utvecklingen av en mer komplett teori för magnetiseringsdynamik.
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Abbreviations and Acronyms

Al Aluminum
CCD Charge-Coupled Device
cf. confer (latin for ”compare”)
Cu Copper
e.g. exempli gratia (latin for ”for example”)
et al. et alii (latin for ”and others”)
Eq. Equation
Fe Iron
FEL Free electron laser
fs femtosecond (= 10−15 seconds)
HELIOS High Energy Laser Induced Overtone Source
HHG High-order Harmonic Generation
i.e. id est (latin for ”that is” )
MCP Micro-Channel Plate
MOKE Magneto-Optic Kerr Effect
· L-MOKE Longitudinal MOKE
· P-MOKE Polar MOKE
· T-MOKE Transverse MOKE

Ni Nickel
OPA Optical Parametric Amplifier
ps picosecond (= 10−12 seconds)
Ref. Reference
RIXS Resonant Inelastic X-ray Scattering
XUV Extreme Ultraviolet (10 - 124 eV)
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1 Introduction
Since the development of electron spectroscopy several decades ago, studies have been
conducted into electronic properties of materials in their ground state. However, the physics
involving dynamics of ultra-fast state transitions has, until rather recently, remained largely
unknown. During the past ten years or so, progress in such methods as femtosecond high-
order harmonic generation (HHG) has opened up the possibility to study these ultra-fast
material processes [1, 2]. HHG is the process of generating photons with energies equal
to an integer multiple of some incident photon energy. This can be implemented for the
study of ultra-fast dynamical processes using so-called pump-probe techniques, wherein a
material is pumped into a desired state with a laser pulse, and then probed with a second
light pulse. The state of the material at a given time can be revealed by studying how
the material responds to the probe pulse. By doing this repeatedly and varying the time
between pump and probe, the dynamics of a state transition can be captured, instant by
instant [3, 4]. Physical phenomena that may be studied in this way include magnetism and
its dynamics, the latter of which is the focus of this report.

1.1 Magnetism

Magnetism is a familiar phenomenon to most, and it is used in a wide array of devices,
such as compasses and hard disk drives. It is a result of the large amount of microscopic
magnetic moments of electrons (which can be pictured as arrows pointing in some direction)
adding together with a net directionality. The magnetic moment of an electron is caused
by a combination of its charge and angular momentum, two properties that are intrinsic
to all electrons. Apart from an electron’s intrinsic angular momentum, called spin, there
is an extra contribution for atomic electrons, called orbital angular momentum, which is
caused by their movement about the nucleus.

Not all electron configurations favor an ordering of magnetic moments such that there
is a significant overall magnetization. For example, if there are no unpaired electrons in a
material, it follows from Pauli’s exclusion principle that each spin vector must be cancelled
by an opposite one. This results in so-called diamagnetism, wherein the magnetic moments,
due to orbital angular momentum, order themselves to weakly repel an external magnetic
field. This behavior characterizes some of the materials that are typically thought of as
non-magnetic, though there are other behaviors that would fall into the same category.

In materials where there are unpaired electrons, the spin magnetic moments may re-
spond to external magnetic fields by aligning themselves so as to generate an internal
magnetic field that attracts the external one - this is called paramagnetism. Because of
a quantum mechanical phenomenon called the exchange interaction - a particle interac-
tion that forces certain particles to either decrease or, as is the case for electrons, increase
their distance to one another - such a parallel ordering of the spins might remain even
in the absence of an external field. This is known as ferromagnetism, which characterizes
permanent magnets, like those we might put on our refrigerator doors.

The exchange interaction can be overcome, however, by applying a sufficient amount of
energy, e.g. by heating. This means that a ferromagnet can be demagnetized by heating,
and remagnetized by putting it in an external field. In the present study these properties of
ferromagnets are exploited. Demagnetization is achieved by laser-heating (pumping), and
remagnetization is achieved by generating a strong magnetic field with an electromagnet.
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1.2 Problem and Purpose

The dynamics of magnetic processes within complex materials is not well understood. In
particular, as of the writing of this report, there exists no complete theory of magnetization
dynamics with element-specificity, i.e. a theory that can explain the magnetic behavior of
the constituent elements of complex materials. This academic incentive, together with the
commercial demand for high-capacity data storage devices, some of which utilize complex
magnetic materials, makes magnetization dynamics a prime research topic, where pump-
probe methods are suitable. For these reasons, the goal of the study described in this report
is to examine demagnetization dynamics of permalloy (Ni0.8Fe0.2) with element-specificity,
following in the footsteps of the recent pioneering work of Mathias et al.[2] The result of
this work should be an observational description of the time evolution of the magnetization
of the constituent elements within the sample, during demagnetization.

1.3 Method

The transverse magneto-optic Kerr effect (T-MOKE), combined with pump-probe, can be
used to study the magnetization dynamics of materials [2–4]. In order to determine the
temporal difference between the dynamics of different elements in a sample, the behavior of
the separate constituents should be studied simultaneously. If not, there will be ambiguity
as to which element responds first to pumping. This element-specific probing can be
achieved by simultaneously studying absorption edges of the material constituents. Using
T-MOKE it is possible to study the M-edges of 3d transition metals, which requires photon
energies in the XUV range.

The best available type of setup to meet these demands utilizes a laser induced HHG
photon source. As a comparison, note that the proper photon energies can also be supplied
by a synchrotron. However, the processes to be studied are typically very fast, on the order
of tens of femtoseconds. This poses a problem when using a synchrotron source, as the pulse
duration, even with so-called slicing methods, can only be pushed down to about 100 fs [3],
providing insufficient temporal resolution. Another problem is that the photon energies
produced by synchrotrons are centered on one energy at a time, following a Gaussian
distribution, which makes it difficult to study different elements simultaneously. Free
electron lasers (FELs) are another possible photon source. FELs can produce short pulses,
but have rather complex pulse profiles which complicates the matter of time resolution
and, like synchrotrons, they produce bands of energies, focused on one energy at a time.
Further, both synchrotrons and FELs for the XUV range are expensive and require large
facilities, which limits accessibility.

Instead, HHG is a good alternative for several reasons. Pulse durations on the order of
tens of femtoseconds is no problem, and the relevant photon energies are available simul-
taneously [1], allowing for sufficient temporal resolution and element-specificity. Another
advantage is that the pump and probe beams can be easily created from one single beam,
which makes them inherently correlated, minimizing the jitter of the temporal overlap of
the two beams, which is necessary in order to capture the dynamics. Finally, HHG requires
only a comparatively cheap tabletop setup with a commercially available laser.

The High Energy Laser Induced Overtone Source (HELIOS) is an in-house tabletop
setup, designed and assembled within the Division of Molecular and Condensed Matter
Physics at the Department of Physics and Astronomy of Uppsala University. HELIOS
features HHG and the members of the HELIOS team have used this setup to gather
data on the mangetization dynamics of permalloy with element-specificity, by exploiting
T-MOKE.
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1.4 What I Have Done

During this project I have primarily been involved in an experimental study of magnetiza-
tion dynamics using T-MOKE. The original intention was that I would first participate in
measurements, and then analyze the data gathered from that measurement. Due to laser
troubles, however, this order could not be made to fit within the timetable, and so I have
instead analyzed previous permalloy measurements performed within the HELIOS group.
To compensate for my absence during these previous measurements, I have been involved
in taking new measurements, to be analyzed within the team at a later time.

Further, I have studied and summarized the theory of the present study, as well as the
implementation of relevant concepts at HELIOS.

In this report, I present the theory and setup (Sections 2 and 3, respectively), as well
as the analysis and results that I have produced (Section 4). Among the conclusions of
my analysis is a relative delay in the onset of demagnetizations between Fe and Ni in the
sample. A definitive explanation for this behavior remains elusive.

2 Theory
Theory on the study of magnetization dynamics using our setup can be discussed at great
length. In this report, emphasis is limited to the three topics of T-MOKE, time resolved
pump-probe, and high-order harmonic generation. This is because they are implemented
in a customized fashion at HELIOS, and are concepts of particular importance to the
understanding of how we study magnetization dynamics.

2.1 T-MOKE

The magneto-optic Kerr effect (MOKE) describes the change in electromagnetic radiation
as it reflects off a magnetic material and can, as will be demonstrated, be used to study
magnetization dynamics. For further discussion on the concepts of this section, see for
example Höchst et al. [5], or the detailed derivations of La-o-Vorakiat [6].

To understand MOKE in a classical (non-quantum mechanical) interpretation, picture
electromagnetic radiation incident on the planar surface of some sample material. If the
radiation is p-polarized, i.e. if it is linearly polarized, such that the electric field, E ,
oscillates in the plane of incidence, then the electrons in the material will be subjected to
an electric force and consequently start to oscillate in the same plane. These oscillations
can be represented by a time-dependent velocity vector v , constrained to lie in the plane
of incidence. Now, if these oscillations occur in the presence of a magnetic field, M ,
which may be external or due to a magnetization of the material itself, then the force, F ,
experienced by one electron generalizes to the form

F = q[E + (v ×M )] (1)

where q is the electric charge of an electron. Since the motion of the electrons determines
the properties of the reflected light, Eq. 1 clearly implies that the magnetic field influences
the reflection.

As cases of interest, note that there are three linearly independent directions in which
a material can be magnetized so as to make an angle of 0 or 90◦ with respect to the sample
surface and the plane of incidence (Fig.1).
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Figure 1: The red line indicates the path of electromagnetic radiation reflecting off the
surface plane of the gray sample. The different orientations of the material magnetization,
M , define the geometries of MOKE. Image was borrowed from Ref. [4] with author’s kind
permission.

The cases where M is (a) parallel to the plane of incidence and perpendicular to the plane
of the sample surface, and (b) parallel to both the plane of incidence and the surface plane,
are referred to as the polar and longitudinal geometries, respectively. Case (a) gives rise
to P-MOKE, and similarly, case (b) gives rise to L-MOKE. In both cases, it follows from
Eq. 1 that the polarization of reflected light will change, due to the magnetically altered
trajectories of the oscillating electrons in the sample. These geometries are discussed
further in e.g. Refs. [4, 7].

Case (c), where M lies in the plane of the sample surface and normal to the plane of
incidence is referred to as the transverse geometry, and gives rise to T-MOKE, which is
exploited for the present study. Here, Eq. 1 does not imply that the reflection will change
polarization, but rather that, depending on the sign of M , the reflected intensity will be
either greater or smaller than what would otherwise be expected, because the magnetic
component of F will serve to increase or decrease the amplitude of the electron-oscillations.

This can also be described in terms of the displacement field, D . This field describes
how the charge distribution within a material is affected by an electric field, and is given
by

D = ε0ε̃E (2)

where ε0 is the vacuum permittivity, and ε̃ is a matrix generalization of the material
permittivity, called the dielectric tensor. In the case of an otherwise isotropic material, ε̃
is a diagonal 3×3-matrix, such that all components of D are parallel to the corresponding
components of E . In the case of T-MOKE however, where the transverse magnetization
serves to introduce an anisotropy, the matrix is modified in the following way

ε̃ =

 εxx εxy 0
−εxy εxx 0
0 0 εzz

 (3)

where the xy-plane is defined to coincide with the plane of incidence, and the magnetization
direction to lie along the z-axis [5]. The off-diagonal element εxy is, to a good approximation
for small values, linearly dependent on the magnetization of the material, such that a change
of sign in M corresponds to a change of sign in εxy [6].

Using boundary conditions of continuity for the incident E - and H fields, where H
is the magnetic component of the incident light, it can be shown that the reflectivity of
p-polarized light is of the form
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Rp = R0 +RMεxy (4)

where R0 is the optical Fresnel reflectivity, and RM appears due to magnetization [5,
6]. See e.g. Ref. [8] for a quantum mechanical treatment. R0 and RM depend on the
refractive index, n, of the sample, as well as the angles of incidence and refraction, and
the incident amplitude. Clearly, a change of sign in M , i.e. a 180◦ switch in the direction
of magnetization or, equivalently, a change in the sign of εxy, corresponds to a change in
reflectivity. Note that the intensity of reflected light is

I± = |R±p |2I0 = |R0 ±RMεxy|2I0 (5)

where I0 is the incident intensity. This expression contains information about magnetiza-
tion as well as regular optical properties. Because R0, which depends on n, might change
during the course of demagnetization, it should be eliminated. This can be done by defining
the asymmetry [9], A, where

A :=
I+ − I−

I+ + I−
≈ sin 2θi

1− 2 cos2 θi

{
δRe(εxy)− βIm(εxy)

δ2 + β2

}
(6)

Here, θi is the angle of incidence, δ and β are small numbers related to the refractive index
by the definition n := 1− δ+ iβ. Now, A is linear in epsilon, in the sense of the difference
between its real and imaginary parts. A derivation of A can be found in Appendix A.

Note that the asymmetry is potentially time-dependent through both εxy and n, which
will result in non-magnetic contributions from n, as the refractive index generally changes
in the process of demagnetization of a material. This is unwanted, but it has been shown
that any such contributions to the asymmetry are negligible compared to the magnetic
contributions for light in the XUV regime [9]. Thus the time evolution of the asymmetry is
a good measure of the magnetization dynamics for a proper choice of photon energy, which
is the case for the present study. In practice, A(t) is calculated from separate measurements
of I+ and I− at equal time intervals.

2.2 Pump-Probe

When a system, originally at rest, is reversibly excited from its ground state, i.e. its state
of lowest energy, it will typically return to the ground state within a finite amount of
time. The associated dynamics can be roughly represented by a set of descriptions of the
momentary state of the system at different points in time, akin to making a movie. In the
context of pump-probe experiments, the intentional excitation of a system by a laser pulse
is referred to as pumping. A pumped system can be examined, or probed, using a second
light pulse, and studying the system’s response to the probe pulse. In order to capture the
dynamics, the sample is pumped from its ground state and allowed to relax multiple times,
and each time probed during the relaxation process at a slightly later time than previously.

In order to properly interpret the data from such a measurement, it is necessary to have
spatial overlap of the pump and probe pulses at the sample. In particular, the pumped
area should be much larger than the probed area, so that the probed area is effectively
homogeneous. It is also important to control the time lapse between pump and probe.
For this reason it is prudent to create the pump and probe from one single beam, which
is easily done with a beamsplitter. In this way, the two beams are inherently correlated,
such that the time lapse can be controlled through simple path length adjustments, and
the impact on measurements from instabilities of the fundamental beam is less severe, as
they affect both pump and probe equally.
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It should be noted that the asymmetry, A, is maximized at the absorption edges of an
element [2]. For this reason element-specific magnetization dynamics can be studied by
probing at absorption edges. The relative time lapse between the magnetization processes
of different constituent elements can be ascertained by simultaneously probing absorption
edges of the different elements. Note that the process of simultaneous probing also intro-
duces a new temporal resolution, by comparing the time evolutions of the asymmetries of
the constituent elements. While the absolute temporal resolution is limited by the pulse
width, this relative resolution is much better [3].

2.3 High Harmonic Generation

While there exists a multitude of laser types with different photon energies, the versatility
required to probe different absorption edges simultaneously is not achievable with any one
laser system.

There are methods, however, for generating the harmonics of the fundamental laser
frequency, i.e. integer multiples of that frequency or, equivalently, of the fundamental
photon energy [1, 3, 9]. In principle, this can be accomplished by exploiting phenomena of
nonlinear perturbative optics, using solid crystals. In fact, low-order harmonic generation
employing such methods is commonplace, and is even available as an option in the pump-
line at HELIOS. The idea is that these nonlinear perturbative effects can cause incident
photons to annihilate and create new photons which, due to energy conservation, carry
an integer multiple of the fundamental energy. This can be understood in terms of the
polarization, P , induced in the crystal by the laser field, which has the following Taylor
expansion in terms of the electric field:

P = ε0

∞∑
i=1

χ(i)Ei (7)

where χ(i) is the i:th order susceptibility tensor and Ei is the electric field to the i:th
power [6]. The displaced electrons act as antennas, generating overtones of the incident
photons. It is in the sense of this expansion that the process is perturbative. Note that the
high-order terms vanish quickly for small electric fields. This warrants inconveniently large
intensities, that may even damage the crystal, in order to generate high-order harmonics.

Further, the conversion efficiency also hinges on phase-matching of the incident and
outgoing electric fields, as this promotes constructive interference of the harmonics [3].
That is, the fundamental and harmonics should have the same phase velocity. But the
refractive index of the nonlinear crystal is frequency dependent, so this is difficult to achieve,
especially when considering simultaneous generation of several harmonics.

Alternatively, a gaseous medium can be used to achieve a different process, which is
most easily understood in terms of the semi-classical three-step-model [1, 3, 4, 6]. This
model consists of tunnel ionization, electron acceleration and recombination (Fig. 2).

Figure 2: Valence electron (black disk) in atomic potential (red) to the left, tunnel ion-
ization in the middle, acceleration and recombination to the right. The blue arrow is an
outgoing photon, with energy hν, where h is Planck’s constant, and ν, the outgoing photon
frequency, is an integer multiple of the frequency of the incident photons.
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In a pulsed laser it is possible to achieve extremely high peak electric fields. Such a field can
perturb the Coulomb potential (the potential due to the electrostatic interaction between
charged particles) experienced by an atomic valence electron. In particular, if the laser
field is of an order of magnitude comparable to the Coulomb potential, then it will cause
the potential to slant significantly. This will allow the electron to tunnel away from the
atom, causing ionization.

The laser field will cause the free electron to accelerate away from the ion until the field
changes sign. It will then start to accelerate back, thus gaining kinetic energy. Because the
laser light is linearly polarized, the potential will not wobble, but simply shift between the
two slanted configurations seen in Fig. 2, like a seesaw. For this reason there is a sufficient
probability that the electron will recombine with the parent ion.

Upon recombination, the electron will have gained net energy, which causes emission of
a high-energy photon. Since this energy comes from an integer number of incident photons,
the emitted photon will carry an integer multiple of the fundamental photon energy, by
energy conservation.

This process is non-perturbative, so high-order harmonics can be generated in compa-
rable fractions [6]. Also, Because the phase velocity of the driving laser depends on the
level of ionization of the gas, whereas that of the harmonics is effectively constant, phase
matching is possible by adjusting the gas pressure and laser intensity, so that a useful
conversion efficiency can be achieved even for high harmonics [3].

Due to the specifics of the experiment described in this report, it is worth noting that
when the generating medium is a monatomic gas (e.g., any noble gas might be used), it
is expected that only the odd harmonics are generated [3]. For an 800 nm fundamental
wavelength, the odd harmonics, then, are separated by approximately 3.1 eV.

3 Experiment
This section contains a description of the setup, sorted into three subsections. These are
dedicated to HELIOS, a T-MOKE spectrometer and the parameter configuration, respec-
tively.

3.1 HELIOS

The High Energy Laser Induced Overtone Source (HELIOS) is an in-house tabletop setup,
designed and assembled within the Division of Molecular and Condensed Matter Physics
at the Department of Physics and Astronomy of Uppsala University. For further details,
see Refs. [1, 3, 4, 10].

HELIOS was created for time resolved studies of transient material phenomena using
an XUV probe, for which it features pulsed HHG, optical pathways for pump-probe and a
dedicated T-MOKE chamber, which is attached to a µ-focus end station (see Fig. 3 for a
schematic overview).
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Figure 3: Schematic of HELIOS showing the laser system (top) and the beamsplitter,
which creates the two beam pathways. Along the probe pathway we see the gas cell and
the monochromator; along the pump pathway we see the OPA and the delay stage. Both
pathways end up in the µ-focus end station via the beam-routing chamber. Image borrowed
from Ref. [3] with author’s kind permission.

HELIOS uses a single driving laser to generate both the pump and probe beams. The laser
system (labeled oscillator and amplifier in Fig. 3), which consists of a Coherent Mantis
oscillator and a Coherent Legend Elite Duo USP-HP amplifier, is based on Ti:Sapphire
technology and produces near infrared (NIR), 800 nm pulses of approximately 35 fs. The
amplifier can operate at repetition rates of 5 kHz or 10 kHz with total pulse energies of
at least 2.5 mJ and 1 mJ respectively. The driving laser is expanded using a telescope
(telescope 1), and is then passed through a beamsplitter (BS). Part of the laser power is
then directed to the pump-pathway and the rest to the probe-pathway.

The pump pulse can either be passed through an OPA, to generate a wavelength on
the interval 235 - 20,000 nm, or it can be used as is (800 nm). It then passes a delay
stage, which consists of a motorized linear translation stage, by which the relative path
length difference of the pump and probe pulses can be adjusted. This permits control
of the temporal overlap of the two pulses, thus providing the mechanism by which time
resolved pump-probe is made possible. After the delay stage, the pump can be directed
through optics to double or triple the photon energy as needed, at a higher transmission
than would be possible using the OPA. Finally, the pump is directed into a beam-routing
chamber, where it can be routed, either to a micro-focus beamline (µ-focus end station),
where the T-MOKE spectrometer is currently attached, or to an ultra high vacuum (UHV)
beamline, intended for electron spectroscopy experiments.

The probe beam is first expanded using a telescope (telescope 2) and then focused into
a 2 mm long gas cell, which causes HHG. The purpose of the beam expansion is to allow
for a smaller focus in the gas cell, which increases conversion efficiency. The gas pressure
can be adjusted by adjusting the gas flow into the cell. Beyond the gas cell, the probe
consists of both NIR and XUV, and an Al foil is used to filter out the NIR, which would
otherwise damage the optics beyond this point. For this reason, the transmitted set of
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harmonics has an upper limit called the Al cut-off, which occurs at approximately 72.6
eV. The remaining harmonics are transmitted by the filter and enter a monochromator.
Here, the diverging beam is collimated by a parabolic mirror and monochromatized using
a grating in the so-called off-plane configuration. This setup is characterized by having the
incident and reflected beams be nearly parallel to the grooves of the grating. The purpose
of this is to reduce the effect on pulse length due to added optical path length as the
grooves are illuminated. Alternatively, the full set of generated harmonics can be used by
substituting the grating for a mirror. The selected wavelengths are then focused onto an
exit slit, using a second parabolic mirror, thus entering the beam-routing chamber, from
which they can be routed into either one of the end stations.

3.2 T-MOKE Spectrometer

The T-MOKE spectrometer is based on the Rowland geometry, and was designed and
commissioned within the HELIOS group. For further details, see Refs. [3, 4].

A Rowland type spectrometer is characterized by a particular geometry (Fig. 4).

Figure 4: The Rowland geometry, not to scale, certain features are exaggerated for clarity.
Image was borrowed from Ref. [3], with author’s kind permission.

Here, a circle of radius R, called the Rowland circle (RC), is inscribed inside a circle of
radius 2R, such that the two circles intersect at precisely one point. A photon source (the
material sample in this case) is placed somewhere on the RC, and a cylindrical grating,
with radius 2R, is placed in the point of intersection of the circles. In this configuration, the
cone of light from the source that reflects off the grating will be focused as lines precisely
on the RC on the opposite side of the grating, with respect to the source. The wavelength
of a particular reflection can be identified by the position of the corresponding line on the
RC [3, 11].

The implementation of the Rowland geometry at HELIOS is illustrated in Fig. 5 below.
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Figure 5: Schematic of the T-MOKE spectrometer, note the components on the Rowland
circle. Image was borrowed from Ref. [3] with author’s kind permission.

The NIR pump and XUV probe enter the T-MOKE chamber in high vacuum, to prevent
the XUV photons from being absorbed by air. The beams are then focused onto the
sample at a 45◦ angle of incidence, which optimizes the asymmetry [2]. The probe beam
spot on the sample has a diameter of less than 30 µm which is much smaller than the pump.
This ensures sufficient energy resolution of the spectrometer, as well as homogeneity of the
probed area. The sample holder accommodates a sample glued onto a brass plate, which
can be easily replaced. The sample holder sits between two insulated Cu coils that are
mounted on an iron yoke. The coils generate the magnetizing field, the direction of which
can be switched by reversing the current.

The light is reflected at an angle of 45◦ and is filtered through a 150 nm Al foil, to
prevent the pump from destroying the grating, or generating counts on the detector. The
cylindrical grating, with 600 grooves/mm, separates and focuses the harmonics as lines
onto the detector, which consists of a 30×80 mm2 chevron MCP, a fluorescent screen and
a camera. XUV photons incident on the MCP cause electron cascades that are accelerated
toward the screen, such that spots of fluorescence can be recorded by the camera. The
intensity of light coming from the sample is measured in terms of the brightness of the
fluorescent spots, and multiple pictures are taken, so that the photograph does not become
saturated. The spectrometer has been shown to provide an energy resolution of 170 meV
at 42 eV photon energy, which is more than enough to resolve the harmonics [3, 4].

There are a few design features to the chamber that facilitate laser alignment and
beam overlap. Next to the sample there is a small area where fluorescent powder can be
added. The iron yoke/sample holder complex can be translated in the direction normal to
the incident light, so the spatial overlap can be adjusted on the fluorescent powder using
mirrors in the beam-routing chamber. Translating the sample even further allows the beam
to pass through a window behind the sample, where a CCD chip can be used to find an
interference pattern of pump and probe, which indicates temporal overlap.

Beyond the grating there is a mirror that reflects light through a window and onto
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an alignment iris, and the sample holder is outfitted with two piezo motors for angular
adjustments, so that the sample can be oriented properly.

3.3 Configuration

Measurements were taken on a permalloy sample at the following parameters:

HHG medium Ne
Gas pressure 400 mBar
Probe power (into gas cell) 3.66 W
Pump fluence (at sample) 1.5 mJ · cm−2
Pulse width (into gas cell) 35 fs
Magnetizing field strength ± 300 Oe

150 measurements were taken for each magnetization direction at 55 different delay posi-
tions. The mirror was used in the monochromator, rather than the grating, allowing for
all harmonics the reach the sample.

4 Analysis and Results
Data analysis was performed using the computer software IGOR, with a custom interface
created by Dr. Ronny Knut. The software sums the intensities as registered by the images
from the detector, and places them in virtual bins, which represent 1278 rows of pixels on
the camera, each corresponding to a photon energy interval. See Fig. 6 for an example plot
of intensities measured off the magnetized permalloy sample at one point in time before
pumping.

Figure 6: Camera pixels versus measurements of I+. The peaks represent harmonics.

Note that the peaks, corresponding to harmonics, are not evenly spaced. This is because
the grating does not space the reflected energies equidistantly on the Rowland circle. Since
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the Al cut-off was known, the energy of the peaks could be deduced, and used to generate
12 known points in the pixel-energy plane for energy calibration. Calibration was done by
least-square-fitting a quadratic polynomial to the known points, so that the polynomial
could be used to re-scale the pixel/energy-axis. The points and fit can be seen in Fig. 7.

Figure 7: Known points in the pixel-energy plane (disks), together with a quadratic poly-
nomial fit (curve).

While an ideal calibration would space the peaks evenly, at a 3.1 eV separation, it can be
seen in Fig. 7 that the fit is slightly off, which is reflected in the calibrated superimposed
spectra of I+ and I− in the top plot of Fig. 8 where the peaks are not quite evenly spaced.
This does not affect the final result, however, as we are ultimately only interested in the
time evolution of asymmetries.

Figure 8: Top plot shows spectra of I+ (red) and I− (blue) superimposed, at a point in
time before pumping. Bottom plot shows asymmetry as a function of photon energy at
the same point in time, calculated from the intensities in the top plot.
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Fig. 8 clearly shows that the asymmetry is greatest at the absorption edges of Ni and Fe,
confirming that element-specific probing of magnetization is feasible.

The IGOR interface has a built-in function to perform numerical energy-integration.
At each delay stage position, the 150 asymmetries were integrated, and the average of those
integrals was used as a measure of the asymmetry at the corresponding point in time. The
result is plotted in Fig. 9.

Figure 9: Plot shows time evolution of asymmetry, normalized to 1 before pumping. At
the upper right corner is a zoom-in and rescaling to highlight some features of the onset of
demagnetization. Exponential decays have been fitted to each data set.

There are four things to be noted in Fig. 9. Firstly, maximum demagnetization occurs
within 1 ps after pumping. Secondly, there is an onset-delay in the demagnetizations of Fe
and Ni, such that Fe begins to demagnetize approximately 25 fs before Ni. Thirdly, the
magnetizations seem to diverge over the 10 ps time interval following pumping. Finally,
the spread in asymmetry is greater before pumping than after.

5 Discussion
The overall sub-ps onset of demagnetization has been repeatedly observed in previous
experiments since it was first reported in 1996 [12], but it is still considered very quick,
and no universally accepted theory exists to explain it.

The onset delay of 25 fs found in the present study is in rough agreement with previous
observations within the HELIOS group [3]. Mathias et al. also observed this, but they
noted a lasting convergence of the asymmetries of Fe and Ni beginning at about 500 fs after
pumping [2]. They attributed the apparently transient time delay to the finite magnitude

17



of the exchange interaction between Fe and Ni, basing the merit of this explanation on
the fact that the eventual convergence they saw happens on a timescale that is relevant
for the exchange interaction. The present analysis does not support this notion, as the
asymmetries clearly diverge (Fig. 9). This divergence is, however, an uncommon sight even
in the HELIOS group, particularly in experiments performed at later dates and should, in
light of this, be viewed with some caution. Typically, the HELIOS group have observed
neither divergence nor a lasting convergence [3]. An alternative to this divergence might be
found by using the spread in the measurements from which the averages were calculated,
to define error bars in the asymmetry dimension. It may be that the asymmetry could
then be moved within these error bars, such that no divergence occurs and, if so, it might
be more efficient not to dwell on this issue. It would have been prudent to look closer at
this, but due to time constraints, this was not possible.

Finally, concerning the fact that the spread in asymmetry is greater before pumping
than after. This is not merely a matter of the averages being more widespread before
pumping than after, but the individual measurements themselves are more spread about
the corresponding averages (not shown). This has previously been noted by other members
of the team, but no explanation is offered.

6 Conclusions
T-MOKE and HHG was used for an observational time resolved pump-probe study of the
demagnetization dynamics of permalloy. Demagnetization was fast, approximately 1 ps,
and there was an onset delay between the demagnetization processes of Fe and Ni. Both
of these results currently lack a theoretical explanation. There was also a divergence of the
processes over a 10 ps time interval after the onset of demagnetization. The cause of this
is unclear, but may be due to a temporary setup-issue.

7 Outlook
The magnetization divergence and the large spread in asymmetry before pumping should
be investigated. The most reasonable first line of attack, however, is probably not to fit
a physical theory to these results, but rather to figure out if something in the setup is
the cause. In the case of the divergence, error bars could be defined, as described in the
previous section, to determine if it still occurs. The overall uncertainty in the measurements
should also be determined. At present, this is complicated by the way that intensities are
measured in the detector - a number of electrons from the MCP is translated into the
brightness of a spot on the fluorescent screen, which makes an error propagation difficult
to define.

The most pertinent issues for the development of a complete theory of magnetization
dynamics, based on the results of the present study, are probably the fast demagnetization
and the onset delay. For that reason, these phenomena should be explored further. The
investigation of other, more complex materials, is another natural step to take.

One can also consider the possibility for new and improved applications in the wake of a
deeper understanding of magnetization dynamics. The development of better data storage
capacity of hard drive disks, which use magnetic grains do store information, might greatly
benefit, to name an example. An increased data density for these devices would decrease
the amount of natural resources required per stored bit (cf. e.g. discussion in Ref. [6]),
and a more efficient read/write process would decrease energy consumption, which could
potentially make a significant difference on a global scale.
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Appendix A - Asymmetry
This derivation is based on Refs. [5, 6, 9] and extensive contributions from Dr. Somnath
Jana.

Calculate

A =
I+ − I−

I+ + I−
(8)

using

I± = I0|R±p |2 = I0|R0 ±RMεxy|2 = I0
[
|R0|2 ± 2Re {R0(RMεxy)

∗}+O(ε2xy)
]

≈ I0
[
|R0|2 ± 2Re {R0(RMεxy)

∗}
] (9)

with quantities as defined in section 2.1. The real part was taken because an intensity
must be real, whereas the angle of refraction is complex in general, and in the last step εxy
was assumed to be small.

Plugging Eq. 9 into Eq. 8 gives

A =
2

|R0|2
Re{R0(RMεxy)

∗} (10)

where

R0 =
n cos θi − cos θt
n cos θi + cos θt

, RM =
2 sin θi cos θi

n2(n cos θi + cos θt)2
(11)

θt is the angle of refraction, other quantities as defined in Section 2.1. R0 is recognized
from non-magnetic optics, and a derivation of RM can be found in Ref. [6]. Further, by
Snell’s law:

cos θt =

√
n2 − sin2θi

n
(12)

Plug Eqs. 11 and 12 into Eq. 10:

A =
2

|R0|2
Re

n
2 cos θi −

√
n2 − sin2 θi

n2 cos θi +
√
n2 − sin2 θi

 εxy sin 2θi(
n2 cos θi +

√
n2 − sin2 θi

)2

∗

=
2

|R0|2
Re


∣∣∣∣∣n2 cos θi −

√
n2 − sin2 θi

n2 cos θi +
√
n2 − sin2 θi

∣∣∣∣∣
2(

εxy sin 2θi
n4 cos2 θi − n2 + sin2 θi

)∗
= 2Re

{
εxy sin 2θi

n4 cos2 θi − n2 + sin2 θi

}
= 2Re

{
εxy sin 2θi

(n2 − 1)[n2 − sin2 θi(n2 + 1)]

}
(13)
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The first line of Eq. 13 was multiplied by R∗
0

R∗
0
to give the second line, which in turn was

simplified using Eqs. 11 and 12 to give the third line. The * was omitted, as only the real
part is used. The right-hand side of line three is a rewriting of the left-hand side, using a
trigonometric identity. Now introduce the definition n := 1− δ + iβ, and assume β, δ are
small real numbers, such that high-order terms can be neglected. Keeping in mind that
εxy is complex, we get

2Re
{

εxy sin 2θi
(n2 − 1)[n2 − sin2 θi(n2 + 1)]

}
≈

≈ 2Re
{

εxy sin 2θi
(δ − iβ)(4 sin2 θi − 2)

}

=
sin 2θi

1− 2 cos2 θi
Re
{
Re(εxy) + iIm(εxy)

δ − iβ

}

=
sin 2θi

1− 2 cos2 θi
Re
{
[δ + iβ][Re(εxy) + iIm(εxy)]

δ2 + β2

}

=
sin 2θi

1− 2 cos2 θi

{
δRe(εxy)− βIm(εxy)

δ2 + β2

}

(14)

In the second line of Eq. 14, terms of order two and higher in β, δ were neglected. In
the third line, a trigonometric identity was used while pulling the real angular dependence
outside of the curly brackets, and εxy was expressed in terms of its real and imaginary parts.
In the fourth line, the expression in curly brackets from line three, was multiplied by the
complex conjugate of its denominator. The simplification in the fifth line constitutes the
final expression of A.
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