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§ Electron-phonon coupling
§ Spin to orbital momentum conversion
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Superdiffusive Spin Transport as a Mechanism of Ultrafast Demagnetization
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We propose a semiclassical model for femtosecond laser-induced demagnetization due to spin-

polarized excited electron diffusion in the superdiffusive regime. Our approach treats the finite elapsed

time and transport in space between multiple electronic collisions exactly, as well as the presence of

several metal films in the sample. Solving the derived transport equation numerically we show that this

mechanism accounts for the experimentally observed demagnetization within 200 fs in Ni, without the

need to invoke any angular momentum dissipation channel.

DOI: 10.1103/PhysRevLett.105.027203 PACS numbers: 75.78.Jp, 72.25.!b, 75.76.+j, 78.47.J!

Excitation with femtosecond laser pulses has been
known for more than a decade to cause an ultrafast quench-
ing of the magnetization in metallic ferromagnets [1]. The
achieved demagnetization times are typically 100–300 fs
for ferromagnets such as Ni [1,2]. Hence, laser-induced
demagnetization opens up new, interesting routes for mag-
netic recording with hitherto unprecedented speeds [3].
However, in spite of the technological importance the
mechanism underlying the femtosecond demagnetization
remains highly controversial. A common belief is that
there should exist an ultrafast channel for the dissipation
of spin angular momentum [4–8]. Several such mecha-
nisms through which an excited electron can undergo a
spin flip in a ferromagnetic metal are currently being
debated. The main proposed mechanisms for a fast spin-
flip process are a Stoner excitation, an inelastic magnon
scattering, an Elliott-Yafet-type of phonon scattering [4,5],
spin-flip Coulomb scattering [6], laser-induced spin flips
[7,9], or relativistic quantum electrodynamic processes [8].
An effect that, until recently [10], has been regarded to play
only a marginal role is the spin-polarized transport of laser-
excited hot electrons.

In this Letter we show that spin-dependent transport of
laser-excited electrons provides a considerable contribu-
tion to the ultrafast demagnetization process and can even
completely explain it. We demonstrate this by developing a
transport equation for the superdiffusive flow of spin-
polarized electrons. A few approaches to describe the
electron motion have been attempted previously [11,12].
In our theory, however, we take into account the whole
process of multiple, spin-conserving electron scattering
events and electron cascades created by inelastic electron
scattering. Also the presence of different metallic films in
the probed material is treated. We solve the developed
theory numerically for ferromagnetic Ni, for which the
femtosecond demagnetization is well documented
[1,2,13], and show that a large demagnetization in a few
hundred femtoseconds is generated.

The typical geometry for a femtosecond laser experi-
ment is depicted in Fig. 1. The intense laser beam creates
excited hot electrons in the ferromagnetic film, which will

start to move in a random direction. Our goal is to compute
the time-dependent magnetization resulting from the
superdiffusive motion in the laser spot. Because of the
fact that the electronic mean free path (up to a few tens
of nm) is much smaller than the diameter of the laser spot
normally used, see e.g. [2], we developed a uniaxial model
where only the z dependence is kept, but the formalism can
easily be applied to describe systems with less symmetry.
After the absorption of a photon, an electron will be

excited typically from a d band to the sp-like bands above
the Fermi level. The mobility of sp-like electrons is much
larger than that of d electrons. Therefore in the following
we treat the d electrons as quasilocalized and compute the
transport only for the mobile sp-like electrons. We fur-
thermore consider that the optical excitation is spin con-
serving. Because of the very small linear momentum
carried by a photon the angular probability density of the
emission direction can be safely considered isotropic over
all solid angles. Hence, the excited electron will start
moving in a random direction. The outgoing trajectory is
treated as a straight line up to the first scattering event. As

FIG. 1 (color online). Sketch of the superdiffusive processes
caused by laser excitation. Different mean free paths for majority
and minority spin carriers are shown and also the generation of a
cascade of electrons after an inelastic scattering (elastic scatter-
ings are not shown for simplicity). The inset shows the geometry
for the calculation of the electron flux term in the continuity
equation.
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processes explored in earlier works1–3,5. The mechanism we propose 
for enhancement of the magnetization is based on filling of majority 
spin states above the Fermi energy in the Fe layer by majority spins 
coming from Ni. This leads to a transient magnetization increase in 
the Fe layer, above its maximum value defined by the Curie curve 
at T = 0 K. The increase in the magnetic signal from the Fe layer is 
a result of a strong asymmetry in the spin-dependent hot-electron 

lifetimes in magnetic materials and, hence, the transport proper-
ties of the hot majority and minority spin carriers27–29 within the 
Ni and Fe layers. Excited minority spin electrons originating in the 
optical excitation in both the Al and Ni layers have much shorter 
lifetimes when passing via superdiffusion through the Ni layer, and 
are therefore stopped before they can reach the Fe layer. Conversely, 
majority-spin electrons have much longer lifetimes in Ni and are 
able to reach the Fe layer by superdiffusion. Solving the superdif-
fusion spin-transport equation (see Methods) for electrons excited 
by a laser pulse of 25 fs and 1.6 eV photon energy in the Al, Ni and 
Fe layers, we predict the transient, layer-specific, normalized mag-
netizations shown in Fig. 5. The transient response of the Fe layer 
depends strikingly on the initial relative alignment of the Ni and 
Fe layers: for antiparallel magnetization alignment, the stream of 
spin-majority electrons decreases the net magnetization in the Fe 
layer by increasing the amount of spin-minority electrons in Fe. 
Conversely, for parallel configuration, the superdiffusive spin cur-
rent of spin majority electrons through the interface increases the 
number of spin-majority electrons in Fe, thus increasing the net Fe 
magnetization and causing opposite polarities in the femtosecond 
magnetization response of Ni and Fe layers.

Discussion
Several competing processes have been proposed for magnetiza-
tion dynamics on ultrafast timescales5–13. For the trilayer systems 
explored here, we find that the observed magnetization dynamics 
in the Ni and buried Fe layer is consistent with superdiffusion of  

1.2

1.0

0.8

0.6

0.4

1.2

1.0

0.8

0.6

0.4

1.2

1.0

0.8

0.6

0.4

–1 0 1 2 3 4
Time delay (ps)

–1 0 1 2 3 4
Time delay (ps)

–1 0 1 2 3 4
Time delay (ps)

N
or

m
al

iz
ed

 m
ag

ne
tic

 a
sy

m
m

et
ry

N
or

m
al

iz
ed

 m
ag

ne
tic

 a
sy

m
m

et
ry

N
or

m
al

iz
ed

 m
ag

ne
tic

 a
sy

m
m

et
ry

Figure 4 | Experimentally measured time- and layer-resolved 
magnetization. The time-resolved magnetization of the Fe and Ni layers 
in the Ni(5 nm)/Ru(1.5 nm)/Fe(4 nm) trilayer for the parallel (a) and 
antiparallel (b) magnetization alignment and in the Ni(5 nm)/Ru(1 nm)/
Fe(4 nm) trilayer (c) for the parallel magnetization alignment. The data 
have been extracted by integrating the magnetic asymmetry signal over 
the 3p absorption edges of Fe and Ni, as indicated by the red- and blue-
coloured areas in Fig. 3, respectively, and normalizing to the magnetic 
asymmetry values before the time zero (black broken line). The magnetic 
asymmetry at the Fe 3p absorption edge anomalously increases for the 
parallel (a,c) and decreases for antiparallel magnetic orientation of Ni and 
Fe layers (b). For the Ni(5 nm)/Ru(1 nm)/Fe(4 nm) trilayer, only parallel 
magnetization orientation is possible due to ferromagnetic coupling. The 
curves are least square fits to Supplementary Equation (S2).
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Figure 5 | Calculated time- and layer-resolved magnetization. In our 
model, laser-induced ultrafast demagnetization of the Ni layer (blue curves 
in (a) and (b)) generates superdiffusive spin currents that increase the  
Fe magnetization for parallel orientation (a) (red curve), whereas 
decreasing the Fe magnetization for antiparallel alignment (b) (red curve). 
The strengths and timescales of demagnetization and magnetization  
agree well with the measured data.
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processes explored in earlier works1–3,5. The mechanism we propose 
for enhancement of the magnetization is based on filling of majority 
spin states above the Fermi energy in the Fe layer by majority spins 
coming from Ni. This leads to a transient magnetization increase in 
the Fe layer, above its maximum value defined by the Curie curve 
at T = 0 K. The increase in the magnetic signal from the Fe layer is 
a result of a strong asymmetry in the spin-dependent hot-electron 

lifetimes in magnetic materials and, hence, the transport proper-
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are therefore stopped before they can reach the Fe layer. Conversely, 
majority-spin electrons have much longer lifetimes in Ni and are 
able to reach the Fe layer by superdiffusion. Solving the superdif-
fusion spin-transport equation (see Methods) for electrons excited 
by a laser pulse of 25 fs and 1.6 eV photon energy in the Al, Ni and 
Fe layers, we predict the transient, layer-specific, normalized mag-
netizations shown in Fig. 5. The transient response of the Fe layer 
depends strikingly on the initial relative alignment of the Ni and 
Fe layers: for antiparallel magnetization alignment, the stream of 
spin-majority electrons decreases the net magnetization in the Fe 
layer by increasing the amount of spin-minority electrons in Fe. 
Conversely, for parallel configuration, the superdiffusive spin cur-
rent of spin majority electrons through the interface increases the 
number of spin-majority electrons in Fe, thus increasing the net Fe 
magnetization and causing opposite polarities in the femtosecond 
magnetization response of Ni and Fe layers.

Discussion
Several competing processes have been proposed for magnetiza-
tion dynamics on ultrafast timescales5–13. For the trilayer systems 
explored here, we find that the observed magnetization dynamics 
in the Ni and buried Fe layer is consistent with superdiffusion of  
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Figure 4 | Experimentally measured time- and layer-resolved 
magnetization. The time-resolved magnetization of the Fe and Ni layers 
in the Ni(5 nm)/Ru(1.5 nm)/Fe(4 nm) trilayer for the parallel (a) and 
antiparallel (b) magnetization alignment and in the Ni(5 nm)/Ru(1 nm)/
Fe(4 nm) trilayer (c) for the parallel magnetization alignment. The data 
have been extracted by integrating the magnetic asymmetry signal over 
the 3p absorption edges of Fe and Ni, as indicated by the red- and blue-
coloured areas in Fig. 3, respectively, and normalizing to the magnetic 
asymmetry values before the time zero (black broken line). The magnetic 
asymmetry at the Fe 3p absorption edge anomalously increases for the 
parallel (a,c) and decreases for antiparallel magnetic orientation of Ni and 
Fe layers (b). For the Ni(5 nm)/Ru(1 nm)/Fe(4 nm) trilayer, only parallel 
magnetization orientation is possible due to ferromagnetic coupling. The 
curves are least square fits to Supplementary Equation (S2).
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Figure 5 | Calculated time- and layer-resolved magnetization. In our 
model, laser-induced ultrafast demagnetization of the Ni layer (blue curves 
in (a) and (b)) generates superdiffusive spin currents that increase the  
Fe magnetization for parallel orientation (a) (red curve), whereas 
decreasing the Fe magnetization for antiparallel alignment (b) (red curve). 
The strengths and timescales of demagnetization and magnetization  
agree well with the measured data.
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processes explored in earlier works1–3,5. The mechanism we propose 
for enhancement of the magnetization is based on filling of majority 
spin states above the Fermi energy in the Fe layer by majority spins 
coming from Ni. This leads to a transient magnetization increase in 
the Fe layer, above its maximum value defined by the Curie curve 
at T = 0 K. The increase in the magnetic signal from the Fe layer is 
a result of a strong asymmetry in the spin-dependent hot-electron 

lifetimes in magnetic materials and, hence, the transport proper-
ties of the hot majority and minority spin carriers27–29 within the 
Ni and Fe layers. Excited minority spin electrons originating in the 
optical excitation in both the Al and Ni layers have much shorter 
lifetimes when passing via superdiffusion through the Ni layer, and 
are therefore stopped before they can reach the Fe layer. Conversely, 
majority-spin electrons have much longer lifetimes in Ni and are 
able to reach the Fe layer by superdiffusion. Solving the superdif-
fusion spin-transport equation (see Methods) for electrons excited 
by a laser pulse of 25 fs and 1.6 eV photon energy in the Al, Ni and 
Fe layers, we predict the transient, layer-specific, normalized mag-
netizations shown in Fig. 5. The transient response of the Fe layer 
depends strikingly on the initial relative alignment of the Ni and 
Fe layers: for antiparallel magnetization alignment, the stream of 
spin-majority electrons decreases the net magnetization in the Fe 
layer by increasing the amount of spin-minority electrons in Fe. 
Conversely, for parallel configuration, the superdiffusive spin cur-
rent of spin majority electrons through the interface increases the 
number of spin-majority electrons in Fe, thus increasing the net Fe 
magnetization and causing opposite polarities in the femtosecond 
magnetization response of Ni and Fe layers.

Discussion
Several competing processes have been proposed for magnetiza-
tion dynamics on ultrafast timescales5–13. For the trilayer systems 
explored here, we find that the observed magnetization dynamics 
in the Ni and buried Fe layer is consistent with superdiffusion of  
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Figure 4 | Experimentally measured time- and layer-resolved 
magnetization. The time-resolved magnetization of the Fe and Ni layers 
in the Ni(5 nm)/Ru(1.5 nm)/Fe(4 nm) trilayer for the parallel (a) and 
antiparallel (b) magnetization alignment and in the Ni(5 nm)/Ru(1 nm)/
Fe(4 nm) trilayer (c) for the parallel magnetization alignment. The data 
have been extracted by integrating the magnetic asymmetry signal over 
the 3p absorption edges of Fe and Ni, as indicated by the red- and blue-
coloured areas in Fig. 3, respectively, and normalizing to the magnetic 
asymmetry values before the time zero (black broken line). The magnetic 
asymmetry at the Fe 3p absorption edge anomalously increases for the 
parallel (a,c) and decreases for antiparallel magnetic orientation of Ni and 
Fe layers (b). For the Ni(5 nm)/Ru(1 nm)/Fe(4 nm) trilayer, only parallel 
magnetization orientation is possible due to ferromagnetic coupling. The 
curves are least square fits to Supplementary Equation (S2).
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Figure 5 | Calculated time- and layer-resolved magnetization. In our 
model, laser-induced ultrafast demagnetization of the Ni layer (blue curves 
in (a) and (b)) generates superdiffusive spin currents that increase the  
Fe magnetization for parallel orientation (a) (red curve), whereas 
decreasing the Fe magnetization for antiparallel alignment (b) (red curve). 
The strengths and timescales of demagnetization and magnetization  
agree well with the measured data.
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processes explored in earlier works1–3,5. The mechanism we propose 
for enhancement of the magnetization is based on filling of majority 
spin states above the Fermi energy in the Fe layer by majority spins 
coming from Ni. This leads to a transient magnetization increase in 
the Fe layer, above its maximum value defined by the Curie curve 
at T = 0 K. The increase in the magnetic signal from the Fe layer is 
a result of a strong asymmetry in the spin-dependent hot-electron 

lifetimes in magnetic materials and, hence, the transport proper-
ties of the hot majority and minority spin carriers27–29 within the 
Ni and Fe layers. Excited minority spin electrons originating in the 
optical excitation in both the Al and Ni layers have much shorter 
lifetimes when passing via superdiffusion through the Ni layer, and 
are therefore stopped before they can reach the Fe layer. Conversely, 
majority-spin electrons have much longer lifetimes in Ni and are 
able to reach the Fe layer by superdiffusion. Solving the superdif-
fusion spin-transport equation (see Methods) for electrons excited 
by a laser pulse of 25 fs and 1.6 eV photon energy in the Al, Ni and 
Fe layers, we predict the transient, layer-specific, normalized mag-
netizations shown in Fig. 5. The transient response of the Fe layer 
depends strikingly on the initial relative alignment of the Ni and 
Fe layers: for antiparallel magnetization alignment, the stream of 
spin-majority electrons decreases the net magnetization in the Fe 
layer by increasing the amount of spin-minority electrons in Fe. 
Conversely, for parallel configuration, the superdiffusive spin cur-
rent of spin majority electrons through the interface increases the 
number of spin-majority electrons in Fe, thus increasing the net Fe 
magnetization and causing opposite polarities in the femtosecond 
magnetization response of Ni and Fe layers.

Discussion
Several competing processes have been proposed for magnetiza-
tion dynamics on ultrafast timescales5–13. For the trilayer systems 
explored here, we find that the observed magnetization dynamics 
in the Ni and buried Fe layer is consistent with superdiffusion of  
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Figure 4 | Experimentally measured time- and layer-resolved 
magnetization. The time-resolved magnetization of the Fe and Ni layers 
in the Ni(5 nm)/Ru(1.5 nm)/Fe(4 nm) trilayer for the parallel (a) and 
antiparallel (b) magnetization alignment and in the Ni(5 nm)/Ru(1 nm)/
Fe(4 nm) trilayer (c) for the parallel magnetization alignment. The data 
have been extracted by integrating the magnetic asymmetry signal over 
the 3p absorption edges of Fe and Ni, as indicated by the red- and blue-
coloured areas in Fig. 3, respectively, and normalizing to the magnetic 
asymmetry values before the time zero (black broken line). The magnetic 
asymmetry at the Fe 3p absorption edge anomalously increases for the 
parallel (a,c) and decreases for antiparallel magnetic orientation of Ni and 
Fe layers (b). For the Ni(5 nm)/Ru(1 nm)/Fe(4 nm) trilayer, only parallel 
magnetization orientation is possible due to ferromagnetic coupling. The 
curves are least square fits to Supplementary Equation (S2).
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Figure 5 | Calculated time- and layer-resolved magnetization. In our 
model, laser-induced ultrafast demagnetization of the Ni layer (blue curves 
in (a) and (b)) generates superdiffusive spin currents that increase the  
Fe magnetization for parallel orientation (a) (red curve), whereas 
decreasing the Fe magnetization for antiparallel alignment (b) (red curve). 
The strengths and timescales of demagnetization and magnetization  
agree well with the measured data.
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processes explored in earlier works1–3,5. The mechanism we propose 
for enhancement of the magnetization is based on filling of majority 
spin states above the Fermi energy in the Fe layer by majority spins 
coming from Ni. This leads to a transient magnetization increase in 
the Fe layer, above its maximum value defined by the Curie curve 
at T = 0 K. The increase in the magnetic signal from the Fe layer is 
a result of a strong asymmetry in the spin-dependent hot-electron 

lifetimes in magnetic materials and, hence, the transport proper-
ties of the hot majority and minority spin carriers27–29 within the 
Ni and Fe layers. Excited minority spin electrons originating in the 
optical excitation in both the Al and Ni layers have much shorter 
lifetimes when passing via superdiffusion through the Ni layer, and 
are therefore stopped before they can reach the Fe layer. Conversely, 
majority-spin electrons have much longer lifetimes in Ni and are 
able to reach the Fe layer by superdiffusion. Solving the superdif-
fusion spin-transport equation (see Methods) for electrons excited 
by a laser pulse of 25 fs and 1.6 eV photon energy in the Al, Ni and 
Fe layers, we predict the transient, layer-specific, normalized mag-
netizations shown in Fig. 5. The transient response of the Fe layer 
depends strikingly on the initial relative alignment of the Ni and 
Fe layers: for antiparallel magnetization alignment, the stream of 
spin-majority electrons decreases the net magnetization in the Fe 
layer by increasing the amount of spin-minority electrons in Fe. 
Conversely, for parallel configuration, the superdiffusive spin cur-
rent of spin majority electrons through the interface increases the 
number of spin-majority electrons in Fe, thus increasing the net Fe 
magnetization and causing opposite polarities in the femtosecond 
magnetization response of Ni and Fe layers.

Discussion
Several competing processes have been proposed for magnetiza-
tion dynamics on ultrafast timescales5–13. For the trilayer systems 
explored here, we find that the observed magnetization dynamics 
in the Ni and buried Fe layer is consistent with superdiffusion of  
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Figure 4 | Experimentally measured time- and layer-resolved 
magnetization. The time-resolved magnetization of the Fe and Ni layers 
in the Ni(5 nm)/Ru(1.5 nm)/Fe(4 nm) trilayer for the parallel (a) and 
antiparallel (b) magnetization alignment and in the Ni(5 nm)/Ru(1 nm)/
Fe(4 nm) trilayer (c) for the parallel magnetization alignment. The data 
have been extracted by integrating the magnetic asymmetry signal over 
the 3p absorption edges of Fe and Ni, as indicated by the red- and blue-
coloured areas in Fig. 3, respectively, and normalizing to the magnetic 
asymmetry values before the time zero (black broken line). The magnetic 
asymmetry at the Fe 3p absorption edge anomalously increases for the 
parallel (a,c) and decreases for antiparallel magnetic orientation of Ni and 
Fe layers (b). For the Ni(5 nm)/Ru(1 nm)/Fe(4 nm) trilayer, only parallel 
magnetization orientation is possible due to ferromagnetic coupling. The 
curves are least square fits to Supplementary Equation (S2).
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Figure 5 | Calculated time- and layer-resolved magnetization. In our 
model, laser-induced ultrafast demagnetization of the Ni layer (blue curves 
in (a) and (b)) generates superdiffusive spin currents that increase the  
Fe magnetization for parallel orientation (a) (red curve), whereas 
decreasing the Fe magnetization for antiparallel alignment (b) (red curve). 
The strengths and timescales of demagnetization and magnetization  
agree well with the measured data.
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processes explored in earlier works1–3,5. The mechanism we propose 
for enhancement of the magnetization is based on filling of majority 
spin states above the Fermi energy in the Fe layer by majority spins 
coming from Ni. This leads to a transient magnetization increase in 
the Fe layer, above its maximum value defined by the Curie curve 
at T = 0 K. The increase in the magnetic signal from the Fe layer is 
a result of a strong asymmetry in the spin-dependent hot-electron 

lifetimes in magnetic materials and, hence, the transport proper-
ties of the hot majority and minority spin carriers27–29 within the 
Ni and Fe layers. Excited minority spin electrons originating in the 
optical excitation in both the Al and Ni layers have much shorter 
lifetimes when passing via superdiffusion through the Ni layer, and 
are therefore stopped before they can reach the Fe layer. Conversely, 
majority-spin electrons have much longer lifetimes in Ni and are 
able to reach the Fe layer by superdiffusion. Solving the superdif-
fusion spin-transport equation (see Methods) for electrons excited 
by a laser pulse of 25 fs and 1.6 eV photon energy in the Al, Ni and 
Fe layers, we predict the transient, layer-specific, normalized mag-
netizations shown in Fig. 5. The transient response of the Fe layer 
depends strikingly on the initial relative alignment of the Ni and 
Fe layers: for antiparallel magnetization alignment, the stream of 
spin-majority electrons decreases the net magnetization in the Fe 
layer by increasing the amount of spin-minority electrons in Fe. 
Conversely, for parallel configuration, the superdiffusive spin cur-
rent of spin majority electrons through the interface increases the 
number of spin-majority electrons in Fe, thus increasing the net Fe 
magnetization and causing opposite polarities in the femtosecond 
magnetization response of Ni and Fe layers.

Discussion
Several competing processes have been proposed for magnetiza-
tion dynamics on ultrafast timescales5–13. For the trilayer systems 
explored here, we find that the observed magnetization dynamics 
in the Ni and buried Fe layer is consistent with superdiffusion of  
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Figure 4 | Experimentally measured time- and layer-resolved 
magnetization. The time-resolved magnetization of the Fe and Ni layers 
in the Ni(5 nm)/Ru(1.5 nm)/Fe(4 nm) trilayer for the parallel (a) and 
antiparallel (b) magnetization alignment and in the Ni(5 nm)/Ru(1 nm)/
Fe(4 nm) trilayer (c) for the parallel magnetization alignment. The data 
have been extracted by integrating the magnetic asymmetry signal over 
the 3p absorption edges of Fe and Ni, as indicated by the red- and blue-
coloured areas in Fig. 3, respectively, and normalizing to the magnetic 
asymmetry values before the time zero (black broken line). The magnetic 
asymmetry at the Fe 3p absorption edge anomalously increases for the 
parallel (a,c) and decreases for antiparallel magnetic orientation of Ni and 
Fe layers (b). For the Ni(5 nm)/Ru(1 nm)/Fe(4 nm) trilayer, only parallel 
magnetization orientation is possible due to ferromagnetic coupling. The 
curves are least square fits to Supplementary Equation (S2).
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Figure 5 | Calculated time- and layer-resolved magnetization. In our 
model, laser-induced ultrafast demagnetization of the Ni layer (blue curves 
in (a) and (b)) generates superdiffusive spin currents that increase the  
Fe magnetization for parallel orientation (a) (red curve), whereas 
decreasing the Fe magnetization for antiparallel alignment (b) (red curve). 
The strengths and timescales of demagnetization and magnetization  
agree well with the measured data.
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electrons propagate much more slowly than the gold sp electrons,
leading to enhanced spin trapping and slower dynamics in ruthe-
nium. The system will return to DM¼ 0 on much longer timescales
of several 10 ps by spin flips and subsequent magnon generation22;
these processes are not modelled here.

To put our theoretical results to test, we performed an exper-
iment according to the scheme shown in Fig. 1. The sample had
the geometrical parameters as depicted in Fig. 1a and consisted of
polycrystalline iron, ruthenium or gold, evaporated onto a glass sub-
strate. The magnetization of the sample was in-plane and single-
domain, and its direction was set by a static external magnetic
field (magnitude 80 mT). A pump pulse (parameters as in the cal-
culations) was directed onto the sample, where it launched a spin
current pulse with current density js(z,t) (refs 11,12,20). To probe
js , we borrowed concepts from measurement schemes of static
spin currents that take advantage of the ISHE14,15. As indicated in
Fig. 1a, the moving electrons are subject to spin–orbit coupling,
which deflects spin-up and spin-down electrons in different direc-
tions23 (Fig. 1a). The spin current js was thus transformed into a
perpendicular charge current

jc = g js × M/|M| (1)

where the spin Hall angle g is a measure of the electron deflec-
tion15,24 (Fig. 1c). Whereas in static experiments the resulting
charge current is measured as a voltage14,15,24, we electrooptically
sampled the field of the electromagnetic pulse emitted by the
charge current burst jc (Fig. 1a; see Methods). From equation (1)
and Fig. 2, we expect linearly polarized radiation with frequencies
covering the terahertz window.

In our experiment, the emitted terahertz pulses were always
found to be polarized parallel to the x-direction (Fig. 1a), that is,
perpendicular to the sample magnetization M pointing along y.
Figure 3a presents typical measured terahertz signals S(t), where S
is the x component of the transient terahertz field E(t) directly
after the sample (Fig. 1a), convoluted with the response function
of our setup13. Each transient is fully inverted when M is reversed,
which demonstrates a strong connection between terahertz emission
and magnetic order. We find virtually identical terahertz signals for
samples in remanent and saturated magnetization states. In the
remanent case, the overall terahertz amplitude is somewhat
reduced because of an irreversible demagnetization by the pump
beam (Supplementary Section S2).

Note that we observe strikingly different terahertz signals from
the ruthenium- and gold-covered iron films (Fig. 3a). First, by
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Figure 1 | Scheme for engineering and detecting ultrashort spin current bursts. a, A ferromagnetic iron film (magnetization parallel to the y-axis,
perpendicular to the plane of the paper) is excited by an optical femtosecond pump pulse. b, The excitation transforms slow majority-spin d electrons (red)
into fast sp electrons, thereby launching a spin current towards the gold or ruthenium cap layer. c, ISHE: the spin–orbit interaction deflects majority and
minority electrons in different directions (a) and thus transforms the longitudinal spin current js into a transverse charge current jc, giving rise to the
emission of a terahertz electromagnetic transient. Note that the thick white arrows are only symbolic: spins point either out of or into the plane of the paper.
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electrons propagate much more slowly than the gold sp electrons,
leading to enhanced spin trapping and slower dynamics in ruthe-
nium. The system will return to DM¼ 0 on much longer timescales
of several 10 ps by spin flips and subsequent magnon generation22;
these processes are not modelled here.

To put our theoretical results to test, we performed an exper-
iment according to the scheme shown in Fig. 1. The sample had
the geometrical parameters as depicted in Fig. 1a and consisted of
polycrystalline iron, ruthenium or gold, evaporated onto a glass sub-
strate. The magnetization of the sample was in-plane and single-
domain, and its direction was set by a static external magnetic
field (magnitude 80 mT). A pump pulse (parameters as in the cal-
culations) was directed onto the sample, where it launched a spin
current pulse with current density js(z,t) (refs 11,12,20). To probe
js , we borrowed concepts from measurement schemes of static
spin currents that take advantage of the ISHE14,15. As indicated in
Fig. 1a, the moving electrons are subject to spin–orbit coupling,
which deflects spin-up and spin-down electrons in different direc-
tions23 (Fig. 1a). The spin current js was thus transformed into a
perpendicular charge current

jc = g js × M/|M| (1)

where the spin Hall angle g is a measure of the electron deflec-
tion15,24 (Fig. 1c). Whereas in static experiments the resulting
charge current is measured as a voltage14,15,24, we electrooptically
sampled the field of the electromagnetic pulse emitted by the
charge current burst jc (Fig. 1a; see Methods). From equation (1)
and Fig. 2, we expect linearly polarized radiation with frequencies
covering the terahertz window.

In our experiment, the emitted terahertz pulses were always
found to be polarized parallel to the x-direction (Fig. 1a), that is,
perpendicular to the sample magnetization M pointing along y.
Figure 3a presents typical measured terahertz signals S(t), where S
is the x component of the transient terahertz field E(t) directly
after the sample (Fig. 1a), convoluted with the response function
of our setup13. Each transient is fully inverted when M is reversed,
which demonstrates a strong connection between terahertz emission
and magnetic order. We find virtually identical terahertz signals for
samples in remanent and saturated magnetization states. In the
remanent case, the overall terahertz amplitude is somewhat
reduced because of an irreversible demagnetization by the pump
beam (Supplementary Section S2).

Note that we observe strikingly different terahertz signals from
the ruthenium- and gold-covered iron films (Fig. 3a). First, by
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electrons propagate much more slowly than the gold sp electrons,
leading to enhanced spin trapping and slower dynamics in ruthe-
nium. The system will return to DM¼ 0 on much longer timescales
of several 10 ps by spin flips and subsequent magnon generation22;
these processes are not modelled here.

To put our theoretical results to test, we performed an exper-
iment according to the scheme shown in Fig. 1. The sample had
the geometrical parameters as depicted in Fig. 1a and consisted of
polycrystalline iron, ruthenium or gold, evaporated onto a glass sub-
strate. The magnetization of the sample was in-plane and single-
domain, and its direction was set by a static external magnetic
field (magnitude 80 mT). A pump pulse (parameters as in the cal-
culations) was directed onto the sample, where it launched a spin
current pulse with current density js(z,t) (refs 11,12,20). To probe
js , we borrowed concepts from measurement schemes of static
spin currents that take advantage of the ISHE14,15. As indicated in
Fig. 1a, the moving electrons are subject to spin–orbit coupling,
which deflects spin-up and spin-down electrons in different direc-
tions23 (Fig. 1a). The spin current js was thus transformed into a
perpendicular charge current

jc = g js × M/|M| (1)

where the spin Hall angle g is a measure of the electron deflec-
tion15,24 (Fig. 1c). Whereas in static experiments the resulting
charge current is measured as a voltage14,15,24, we electrooptically
sampled the field of the electromagnetic pulse emitted by the
charge current burst jc (Fig. 1a; see Methods). From equation (1)
and Fig. 2, we expect linearly polarized radiation with frequencies
covering the terahertz window.

In our experiment, the emitted terahertz pulses were always
found to be polarized parallel to the x-direction (Fig. 1a), that is,
perpendicular to the sample magnetization M pointing along y.
Figure 3a presents typical measured terahertz signals S(t), where S
is the x component of the transient terahertz field E(t) directly
after the sample (Fig. 1a), convoluted with the response function
of our setup13. Each transient is fully inverted when M is reversed,
which demonstrates a strong connection between terahertz emission
and magnetic order. We find virtually identical terahertz signals for
samples in remanent and saturated magnetization states. In the
remanent case, the overall terahertz amplitude is somewhat
reduced because of an irreversible demagnetization by the pump
beam (Supplementary Section S2).

Note that we observe strikingly different terahertz signals from
the ruthenium- and gold-covered iron films (Fig. 3a). First, by
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Experiments Theory

§ Control	of	ultrafast	spin	currents	shape
§ Identification	mechanism	of	THz	emission	in	UD
§ Ultrafast	spin	Ampere-meter
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Charge	build-up

Oscillations	and	
charge	shock	wave

Steady	state
uncharged	injection

Ultrafast spin injection in semiconductors
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Boltzmann + Maxwell system
f [t,x,k]

r · ✏E = ⇢

r ·B = 0

r⇥E = �@B

@t

r⇥ B

µ
= j+

@✏E

@t

Electronic population

@f

@t
+

1

~rk

E ·r
x

f +

e

~E ·r
k

f �
✓
@f

@t

◆

sc

�
✓
@f

@t

◆

ex

= 0

Electromagnetic field
E[t,x]

B[t,x]

⇢[t,x] = � e

(2⇡)3

Z
f [t,x,k]dk



M. Battiato

Boltzmann equation
@f

@t
+

1

~rk

E ·r
x

f +

e

~E ·r
k

f �
✓
@f

@t

◆

sc

�
✓
@f

@t

◆

ex

= 0

1+1+3	dimensional	problem:	not	cheap,	but	can	be	handled
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Runge Kutta Discontinuous	Galerkin
• Unstructured	meshes
• Arbitrarily	high	order	of	convergence	(depending	on	max	polynomial	power)
• Mass,	energy	and	momentum	conserving
• High	stability	in	presence	of	shocks
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Boltzmann equation
@f

@t
+

1

~rk

E ·r
x

f +

e

~E ·r
k

f �
✓
@f

@t

◆

sc

�
✓
@f

@t

◆

ex

= 0

k-conservation
(umklapp)

energy-conservation



M. Battiato

Scattering term



M. Battiato

Scattering term

• 5	dimensional	tensor:	number	of	entries	is	N5

(400	basis	functions	->	1013 integrals	to	calculate	and	10TB	to	store)



M. Battiato

Scattering term

• 5	dimensional	tensor:	number	of	entries	is	N5

(400	basis	functions	->	1013 integrals	to	calculate	and	10TB	to	store)
• 12	dimensional	integral



M. Battiato

Scattering term

• 5	dimensional	tensor:	number	of	entries	is	N5

(400	basis	functions	->	1013 integrals	to	calculate	and	10TB	to	store)
• 12	dimensional	integral
• Dirac	deltas	inside	the	integral



M. Battiato

Scattering term

• 5	dimensional	tensor:	number	of	entries	is	N5

(400	basis	functions	->	1013 integrals	to	calculate	and	10TB	to	store)
• 12	dimensional	integral
• Dirac	deltas	inside	the	integral
• Failure	to	integrate	to	extreme	precision	leads	to	breaking	of	particle,	energy	and	

momentum	conservation	
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Thermalization in real band structures

Michael	Wais

Check	his	poster	out!!!
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Thermalization in real band structures
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Future plans / Areas of interest
2D/3D thermalisation 2D/3D thermalisation + 

transport + Poisson
2D/3D thermalisation + 
transport + Maxwell

Thermalisation in 
real band struct
• Impact ionization
• Timescales of thermal.
• Momentum conserv.
• Thermal bottlenecks

Out of equilibrium 
transport
• Spin diffusion
• Spin injection 
• Charging of interfaces
• Transport blockade

THz radiation

• THz emission
• THz absirption
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Multiple PhD and PostDoc positions
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NAP	Award (1M	S$	+	PhD’s) - Physics	(theory)	
- Mathematics
- Electronics

§ Ultrafast	dynamics
§ Ab	initio	methods
§ Boltzmann	equation
§ Discontinuous	Galerkin

QS	World	ranking
3rd Engineering	and	

Technology
7th Materials	Science

11th World	Ranking

Starting	dates
PhD:	Aug	2018	/	Jan	2019
PostDoc:	Nov	2017
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