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The X-Ray Revolution

The development of x-ray sources easily outpaces the growth 
of the  semiconductor and magnetic storage technology
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• 57 in operation in 19 countries

   (including Brazil, China, India, Korea, Taiwan, Thailand)

• 5 in construction 
    Armenia, China, Jordan, Russia, Spain,  

• 11 in design/planning 

For a list of SR facilities around the world see

http://ssrl.slac.stanford.edu/SR_SOURCES.HTML

Major Synchrotron Radiation Facilities Around the World
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• high average intensity

• variable cross section 
   & sample penetration 

• element & chemical state 
   specificity

• charge versus spin sensitivity 
   through polarization 
 
• spatial resolution down to atomic size

• temporal resolution to ~ 50 ps                                          

The power of conventional synchrotron radiation
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Each bunch contains Ne ~ 109  electrons 
…but electrons emit spontaneously 
   photons not coherent 

Intensity limited by independent photon emission – scales as Ne

Undulator @ BESSY II
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The power of conventional synchrotron radiation



View of the BESSY II experimental hall with 46 beamlines in operation in 2004
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The power of conventional synchrotron radiation

many simultaneous experiments



LCLSConcept of a free electron x-ray laser

• Replace storage ring by a linear accelerator
   allows compression of electron bunch – use once, then throw away 

• Send electron bunch through a very long undulator 

Intensity scales as Ne
2  or  increased by 109 



LCLS

 undulator hall
x-ray production

near hall
3 experiments

far hall
3 experiments

electron beam

x-ray beam

Linac Coherent Light Source or “LCLS” at SLAC
the world’s first x-ray laser

LCLS uses only 
1/3 of linac

• X-rays
   for atomic resolution

• ultrafast flash 
   to study processes with 
   femtosecond duration

• ultrabright flash
  
• increased coherence 
   to study disordered system 
   without lenses 

... but only one experiment 
    at a time



LCLS132 meters of FEL undulators



LCLSLCLS lases at 1.5 Å

• Typical x-ray beam energy > 1 mJ or > 1012 photons per pulse
• Typical x-ray pulse duration at 300pC charge ~ 100 fs (FWHM). 
• X-ray pulse duration at 20 pC charge < 10 fs
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Magnetism in a Nutshell

easy axis

hard axis

long-range 
ferromagnetic order 

exchange interaction

magnetic anisotropy is caused by
            spin-orbit coupling & crystalline field
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X-Ray Magnetic Circular Dichroism

sum

difference
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2p3/2

2p1/2
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LS

separation of 
orbital, L ~ A3/2 + A1/2   and 
spin moment, S + 7/2 T ~ A3/2 - 2A1/2

2p3/2   l + s
2p1/2   l  - s

empty 3d states
(exchange split
in ferromagnets)

Thole, Carra, Sette, van der Laan, Phys. Rev. Lett. 68, 1943 (1992) 
Carra, Thole, Altarelli, Wang, Phys. Rev. Lett. 70, 694 (1993) 
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Imaging Nanoscale Magnetism

Spatial resolution presently 20 - 40 nm
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Movie of Magnetization
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The Ultra Small & Ultra Fast

Can we speed up and simplify magnetic switching ?
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Control Energy and Angular Momentum
in Magnetic Materials

Rhie, Dürr, Eberhardt, PRL 90, 247201 (2003); 
 Dürr, NIM (2009)

laser excitation increases 
electron temperatures > 1000 K
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Figure 2 | Three-temperature model as determined by rate equations. a–d, Schematic representation and numerical calculations for the case of a

ferromagnetic metal (a,b) and for the case of the half-metal (c,d). In the case of the half-metal, the direct pathway for electron–spin interaction is blocked

(c), resulting in a slow increase of the spin temperature (d).

manganite La0.66Sr0.33MnO3. One spin sub-band has a much larger
effective mass that barely contributes to the transport and Pi
reaches a value of more than 90% (type IIIA). A general extensive
overview of the different families of half-metals in addition to the
materials mentioned above—zinc-blende compounds, ruthenates
and double-perovskites, chalcospinels, pyrites and organic half-
metals—is given by Katsnelson et al.11.

To characterize the value of the spin polarization, different
techniques are available12. They can be classified into two main
subgroups: (1) those that determine the density of states n↓
and n↑ at the Fermi level using a photoemission experiment or
(2) experiments determining the spin currents i↓ and i↑ in a
spin-transport device (Fig. 1a–c). In a photoemission experiment
(Fig. 1a), the density of states is mapped. The photoelectrons are
attributed to their energy and spin. In Fig. 1b, the Meservey–
Tedrow technique is shown. By applying a magnetic field to
the superconducting electrode, the quasiparticle density shows
Zeeman split resonances and the current through the barrier can be
separated for both spin directions. In Fig. 1c, the superconductor
is a probe for the diffusive transport (Andreev reflection). The
electron probes the superconductor for a certain time before a
Cooper pair is formed and a hole of opposite spin polarization is
reflected. On the basis of these experimental techniques, Mazin and
co-workers defined a more general spin polarization13,14 including
a weighting of the density of states n↑,↓ by the Fermi velocity
vF, where Pn accounts for the case in Fig. 1a, Pnv for the case of
ballistic and Pnv2 for diffusive transport in the case in Fig. 1c. This
results in the definitions

Pnvi =
�
nvi

�
↑ −

�
nvi

�
↓

�nvi�↑ + �nvi�↓
, i= 0,1,2

and PT =
�
nT 2

�
↑ −

�
nT 2

�
↓

�nT 2�↑ + �nT 2�↓
,

(2)

where ��↑(↓) is defined as the sum over the corresponding quantity
for majority (minority) spin n↑(↓)(EF) weighted by their velocities
v↑(↓)(EF) raised to the power of i. As the transmission T 2 (T
tunnelling matrix element) for an amorphous barrier such as Al2O3
decreases with the Fermi velocity, predominantly s,p-like states
contribute to the tunnelling current for the Meservey–Tedrow
technique15 (Fig. 1b). Thus, values obtained by the Meservey–
Tedrow technique PT and by Andreev reflection in the diffusive
limit Pnv2 are almost equal12. A less common but direct method
to probe the bulk density-of-states momentum resolved is spin-
resolved positron annihilation16. However, using the ‘classical’
methods, the interpretation is not always clear, and sample
preparation can be tedious, expensive or demanding. The finding
by Zhang et al.17 of a very slow demagnetization of the spin system
for the half-metal CrO2 in all-optical pump–probe experiments
gave rise to the idea to implement a novel contact-free technique
to characterize half-metallic materials for spin-electronic devices:
if the demagnetization time τm of the spin system probed by
the time-resolved Kerr rotation after femtosecond excitation is
characteristically different (Fig. 1d), then it should be possible to
use it as a measure of the degree of half-metallicity of a material.
This opens up the way towards an alternative technique that
overcomes the drawbacks of the ‘classical’ methods; it is fast, does
not involve the preparation of a transport device and is suited for
all different types of half-metal. The mechanism responsible for
the slow demagnetization times observed is shown schematically
in Fig. 2a,c, and on the basis of numerical calculations of the
demagnetization time τm in Fig. 2b,d, for the ferromagnetic metal
and a half-metal, respectively. The numerical calculation is based
on the three-temperature model18 that artificially separates the
electrons, spins and the lattice by defining three independent
temperatures (Tel,Tsp andTlat) that are interconnected by relaxation
rates between spins and electrons τel–sp, electrons and lattice τel –lat
and lattice and spins τlat–sp. The three temperatures have been
modelled for parameters of Ni (Fig. 2b) and CrO2 (Fig. 2d). For
the ferromagnetic metal, the understanding is that the Elliot–Yafet
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conserve total angular momentum
J = Se + Le + L(lattice) + L(photon)

ultrafast 
Einstein – de Haas effect ? 
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Figure 2 | Three-temperature model as determined by rate equations. a–d, Schematic representation and numerical calculations for the case of a

ferromagnetic metal (a,b) and for the case of the half-metal (c,d). In the case of the half-metal, the direct pathway for electron–spin interaction is blocked

(c), resulting in a slow increase of the spin temperature (d).

manganite La0.66Sr0.33MnO3. One spin sub-band has a much larger
effective mass that barely contributes to the transport and Pi
reaches a value of more than 90% (type IIIA). A general extensive
overview of the different families of half-metals in addition to the
materials mentioned above—zinc-blende compounds, ruthenates
and double-perovskites, chalcospinels, pyrites and organic half-
metals—is given by Katsnelson et al.11.

To characterize the value of the spin polarization, different
techniques are available12. They can be classified into two main
subgroups: (1) those that determine the density of states n↓
and n↑ at the Fermi level using a photoemission experiment or
(2) experiments determining the spin currents i↓ and i↑ in a
spin-transport device (Fig. 1a–c). In a photoemission experiment
(Fig. 1a), the density of states is mapped. The photoelectrons are
attributed to their energy and spin. In Fig. 1b, the Meservey–
Tedrow technique is shown. By applying a magnetic field to
the superconducting electrode, the quasiparticle density shows
Zeeman split resonances and the current through the barrier can be
separated for both spin directions. In Fig. 1c, the superconductor
is a probe for the diffusive transport (Andreev reflection). The
electron probes the superconductor for a certain time before a
Cooper pair is formed and a hole of opposite spin polarization is
reflected. On the basis of these experimental techniques, Mazin and
co-workers defined a more general spin polarization13,14 including
a weighting of the density of states n↑,↓ by the Fermi velocity
vF, where Pn accounts for the case in Fig. 1a, Pnv for the case of
ballistic and Pnv2 for diffusive transport in the case in Fig. 1c. This
results in the definitions

Pnvi =
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where ��↑(↓) is defined as the sum over the corresponding quantity
for majority (minority) spin n↑(↓)(EF) weighted by their velocities
v↑(↓)(EF) raised to the power of i. As the transmission T 2 (T
tunnelling matrix element) for an amorphous barrier such as Al2O3
decreases with the Fermi velocity, predominantly s,p-like states
contribute to the tunnelling current for the Meservey–Tedrow
technique15 (Fig. 1b). Thus, values obtained by the Meservey–
Tedrow technique PT and by Andreev reflection in the diffusive
limit Pnv2 are almost equal12. A less common but direct method
to probe the bulk density-of-states momentum resolved is spin-
resolved positron annihilation16. However, using the ‘classical’
methods, the interpretation is not always clear, and sample
preparation can be tedious, expensive or demanding. The finding
by Zhang et al.17 of a very slow demagnetization of the spin system
for the half-metal CrO2 in all-optical pump–probe experiments
gave rise to the idea to implement a novel contact-free technique
to characterize half-metallic materials for spin-electronic devices:
if the demagnetization time τm of the spin system probed by
the time-resolved Kerr rotation after femtosecond excitation is
characteristically different (Fig. 1d), then it should be possible to
use it as a measure of the degree of half-metallicity of a material.
This opens up the way towards an alternative technique that
overcomes the drawbacks of the ‘classical’ methods; it is fast, does
not involve the preparation of a transport device and is suited for
all different types of half-metal. The mechanism responsible for
the slow demagnetization times observed is shown schematically
in Fig. 2a,c, and on the basis of numerical calculations of the
demagnetization time τm in Fig. 2b,d, for the ferromagnetic metal
and a half-metal, respectively. The numerical calculation is based
on the three-temperature model18 that artificially separates the
electrons, spins and the lattice by defining three independent
temperatures (Tel,Tsp andTlat) that are interconnected by relaxation
rates between spins and electrons τel–sp, electrons and lattice τel –lat
and lattice and spins τlat–sp. The three temperatures have been
modelled for parameters of Ni (Fig. 2b) and CrO2 (Fig. 2d). For
the ferromagnetic metal, the understanding is that the Elliot–Yafet
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X-ray Magnetic Circular 
Dichroism

XMCD sum rules:

Thole, Carra, Sette, van der Laan, Phys. Rev. Lett. 68, 1943 (1992) 
Carra, Thole, Altarelli, Wang, Phys. Rev. Lett. 70, 694 (1993) 

Angular Momentum Probed With X-Rays 
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K. Holldack et al., PRL 96, 054801 (2006); 
  PR ST Accel. Beams 8, 040704 (2005)

The BESSY Femtosecond Slicing Facility 

BESSY

~ 100 fs    
 duration



K. Holldack et al., PRL 96, 054801 (2006); 
  PR ST Accel. Beams 8, 040704 (2005)

The BESSY Femtosecond Slicing Facility 

~ 100 fs    
 duration



Koopmans et al., Nature Materials (2009)
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Figure 1 | Schematic representations of laser-induced demagnetization of Ni compared with Gd. a, Ultrafast demagnetizationm(t) (green), as well as
Te(t) (red) and Tp(t) (blue) profiles, simulating experimental results for Ni. b, Similar for the two-step process, as observed for Gd. c, 3TM variant as a

representative for the present work on 3d transition metals. Energy equilibration is indicated by two-sided arrows; angular momentum flow is controlled by

interaction with the lattice (dashed arrow). d, Similar for Gd, with the extra 4f system. e, Elliott–Yafet spin-flip scattering on emission of a phonon, taking

over angular momentum. f, Spin-flip scattering in the 3d4sp band of Ni, schematically illustrated in a density of states plot, in which states are filled to the

Fermi energy, εF. The orange shading represents the number of uncompensated spins. g, Similar diagram for Gd; scattering is occurring only in the 5d6sp
band with small magnetic moment, whereas localized 4f states predominantly contribute to the magnetic moment.

sub-systems. Thus, the overall dynamics is phenomenologically
described by a set of three coupled differential equations (for Te,Tp
and Ts). In cases where we want to make a quantitative comparison
to experiments, we use an approach for finite film thickness,
including non-homogeneous heating and electronic heat diffusion.

In our microscopic implementation of the 3TM, referred to as
M3TM, spin relaxation is mediated by Elliott–Yafet-like processes,
with a spin-flip probability asf for electron–phonon momentum
scattering events. We derived a compact differential equation for
themagnetization dynamics (see theMethods section)

dm
dt

=Rm
Tp

TC

�
1−m coth

�
mTC

Te

��
(1)

where m = M/Ms (the magnetization relative to its value at
zero temperature) and TC denotes the Curie temperature. The
prefactor R (unit s−1) provides a materials-specific scaling factor
for the demagnetization rate. Its dependence on relevant magnetic

parameters is given by R ∝ asfT 2
C/µat, where µat is the atomic

magnetic moment. Note that conservation and transfer of angular
momentum is explicitly taken into account. Whereas it is the
excess energy in the electron system that provides the energy
for the demagnetization, interaction with the lattice provides a
dissipative channel for angular momentum (Fig. 1c,e). We stress
that we assume the electronic system to be in full internal
equilibrium throughout our calculations; that is, we neglect the
finite thermalization time, which typically is∼50–100 fs.

Equation (1) in combination with the differential equations
for Te and Tp from the 3TM will be used to fit experimental
demagnetization transients, and thereby extract a value for asf. The
last parameter is related to the spin-mixing of electronic states near
the Fermi level εF, as we calculated by the ab initio density functional
electron theory. As a result of the spin–orbit coupling, a single-
electron eigenstate ψk in a solid is always a mixture of the two spin
states |↑� and |↓�, for example, a dominant spin-up contribution
ak|↑� and a small spin-down contribution bk|↓�. The spin-mixing
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sub-systems. Thus, the overall dynamics is phenomenologically
described by a set of three coupled differential equations (for Te,Tp
and Ts). In cases where we want to make a quantitative comparison
to experiments, we use an approach for finite film thickness,
including non-homogeneous heating and electronic heat diffusion.

In our microscopic implementation of the 3TM, referred to as
M3TM, spin relaxation is mediated by Elliott–Yafet-like processes,
with a spin-flip probability asf for electron–phonon momentum
scattering events. We derived a compact differential equation for
themagnetization dynamics (see theMethods section)
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zero temperature) and TC denotes the Curie temperature. The
prefactor R (unit s−1) provides a materials-specific scaling factor
for the demagnetization rate. Its dependence on relevant magnetic

parameters is given by R ∝ asfT 2
C/µat, where µat is the atomic

magnetic moment. Note that conservation and transfer of angular
momentum is explicitly taken into account. Whereas it is the
excess energy in the electron system that provides the energy
for the demagnetization, interaction with the lattice provides a
dissipative channel for angular momentum (Fig. 1c,e). We stress
that we assume the electronic system to be in full internal
equilibrium throughout our calculations; that is, we neglect the
finite thermalization time, which typically is∼50–100 fs.

Equation (1) in combination with the differential equations
for Te and Tp from the 3TM will be used to fit experimental
demagnetization transients, and thereby extract a value for asf. The
last parameter is related to the spin-mixing of electronic states near
the Fermi level εF, as we calculated by the ab initio density functional
electron theory. As a result of the spin–orbit coupling, a single-
electron eigenstate ψk in a solid is always a mixture of the two spin
states |↑� and |↓�, for example, a dominant spin-up contribution
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3d transition metals

4f rare earth metals

‘fast’

‘slow’



Ni
150 +- 50 fs

Stamm, Durr, et al., NM (2007); PRB (2010)

    fs
optical 
 pump

& its experimental test

10nm Ni / 200 nm Al

      fs x-ray probe

‘Standard’ model of fs magnetism
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sub-systems. Thus, the overall dynamics is phenomenologically
described by a set of three coupled differential equations (for Te,Tp
and Ts). In cases where we want to make a quantitative comparison
to experiments, we use an approach for finite film thickness,
including non-homogeneous heating and electronic heat diffusion.

In our microscopic implementation of the 3TM, referred to as
M3TM, spin relaxation is mediated by Elliott–Yafet-like processes,
with a spin-flip probability asf for electron–phonon momentum
scattering events. We derived a compact differential equation for
themagnetization dynamics (see theMethods section)
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where m = M/Ms (the magnetization relative to its value at
zero temperature) and TC denotes the Curie temperature. The
prefactor R (unit s−1) provides a materials-specific scaling factor
for the demagnetization rate. Its dependence on relevant magnetic

parameters is given by R ∝ asfT 2
C/µat, where µat is the atomic

magnetic moment. Note that conservation and transfer of angular
momentum is explicitly taken into account. Whereas it is the
excess energy in the electron system that provides the energy
for the demagnetization, interaction with the lattice provides a
dissipative channel for angular momentum (Fig. 1c,e). We stress
that we assume the electronic system to be in full internal
equilibrium throughout our calculations; that is, we neglect the
finite thermalization time, which typically is∼50–100 fs.

Equation (1) in combination with the differential equations
for Te and Tp from the 3TM will be used to fit experimental
demagnetization transients, and thereby extract a value for asf. The
last parameter is related to the spin-mixing of electronic states near
the Fermi level εF, as we calculated by the ab initio density functional
electron theory. As a result of the spin–orbit coupling, a single-
electron eigenstate ψk in a solid is always a mixture of the two spin
states |↑� and |↓�, for example, a dominant spin-up contribution
ak|↑� and a small spin-down contribution bk|↓�. The spin-mixing
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sub-systems. Thus, the overall dynamics is phenomenologically
described by a set of three coupled differential equations (for Te,Tp
and Ts). In cases where we want to make a quantitative comparison
to experiments, we use an approach for finite film thickness,
including non-homogeneous heating and electronic heat diffusion.

In our microscopic implementation of the 3TM, referred to as
M3TM, spin relaxation is mediated by Elliott–Yafet-like processes,
with a spin-flip probability asf for electron–phonon momentum
scattering events. We derived a compact differential equation for
themagnetization dynamics (see theMethods section)
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where m = M/Ms (the magnetization relative to its value at
zero temperature) and TC denotes the Curie temperature. The
prefactor R (unit s−1) provides a materials-specific scaling factor
for the demagnetization rate. Its dependence on relevant magnetic

parameters is given by R ∝ asfT 2
C/µat, where µat is the atomic

magnetic moment. Note that conservation and transfer of angular
momentum is explicitly taken into account. Whereas it is the
excess energy in the electron system that provides the energy
for the demagnetization, interaction with the lattice provides a
dissipative channel for angular momentum (Fig. 1c,e). We stress
that we assume the electronic system to be in full internal
equilibrium throughout our calculations; that is, we neglect the
finite thermalization time, which typically is∼50–100 fs.

Equation (1) in combination with the differential equations
for Te and Tp from the 3TM will be used to fit experimental
demagnetization transients, and thereby extract a value for asf. The
last parameter is related to the spin-mixing of electronic states near
the Fermi level εF, as we calculated by the ab initio density functional
electron theory. As a result of the spin–orbit coupling, a single-
electron eigenstate ψk in a solid is always a mixture of the two spin
states |↑� and |↓�, for example, a dominant spin-up contribution
ak|↑� and a small spin-down contribution bk|↓�. The spin-mixing
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sub-systems. Thus, the overall dynamics is phenomenologically
described by a set of three coupled differential equations (for Te,Tp
and Ts). In cases where we want to make a quantitative comparison
to experiments, we use an approach for finite film thickness,
including non-homogeneous heating and electronic heat diffusion.

In our microscopic implementation of the 3TM, referred to as
M3TM, spin relaxation is mediated by Elliott–Yafet-like processes,
with a spin-flip probability asf for electron–phonon momentum
scattering events. We derived a compact differential equation for
themagnetization dynamics (see theMethods section)
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where m = M/Ms (the magnetization relative to its value at
zero temperature) and TC denotes the Curie temperature. The
prefactor R (unit s−1) provides a materials-specific scaling factor
for the demagnetization rate. Its dependence on relevant magnetic

parameters is given by R ∝ asfT 2
C/µat, where µat is the atomic

magnetic moment. Note that conservation and transfer of angular
momentum is explicitly taken into account. Whereas it is the
excess energy in the electron system that provides the energy
for the demagnetization, interaction with the lattice provides a
dissipative channel for angular momentum (Fig. 1c,e). We stress
that we assume the electronic system to be in full internal
equilibrium throughout our calculations; that is, we neglect the
finite thermalization time, which typically is∼50–100 fs.

Equation (1) in combination with the differential equations
for Te and Tp from the 3TM will be used to fit experimental
demagnetization transients, and thereby extract a value for asf. The
last parameter is related to the spin-mixing of electronic states near
the Fermi level εF, as we calculated by the ab initio density functional
electron theory. As a result of the spin–orbit coupling, a single-
electron eigenstate ψk in a solid is always a mixture of the two spin
states |↑� and |↓�, for example, a dominant spin-up contribution
ak|↑� and a small spin-down contribution bk|↓�. The spin-mixing
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sub-systems. Thus, the overall dynamics is phenomenologically
described by a set of three coupled differential equations (for Te,Tp
and Ts). In cases where we want to make a quantitative comparison
to experiments, we use an approach for finite film thickness,
including non-homogeneous heating and electronic heat diffusion.

In our microscopic implementation of the 3TM, referred to as
M3TM, spin relaxation is mediated by Elliott–Yafet-like processes,
with a spin-flip probability asf for electron–phonon momentum
scattering events. We derived a compact differential equation for
themagnetization dynamics (see theMethods section)
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where m = M/Ms (the magnetization relative to its value at
zero temperature) and TC denotes the Curie temperature. The
prefactor R (unit s−1) provides a materials-specific scaling factor
for the demagnetization rate. Its dependence on relevant magnetic

parameters is given by R ∝ asfT 2
C/µat, where µat is the atomic

magnetic moment. Note that conservation and transfer of angular
momentum is explicitly taken into account. Whereas it is the
excess energy in the electron system that provides the energy
for the demagnetization, interaction with the lattice provides a
dissipative channel for angular momentum (Fig. 1c,e). We stress
that we assume the electronic system to be in full internal
equilibrium throughout our calculations; that is, we neglect the
finite thermalization time, which typically is∼50–100 fs.

Equation (1) in combination with the differential equations
for Te and Tp from the 3TM will be used to fit experimental
demagnetization transients, and thereby extract a value for asf. The
last parameter is related to the spin-mixing of electronic states near
the Fermi level εF, as we calculated by the ab initio density functional
electron theory. As a result of the spin–orbit coupling, a single-
electron eigenstate ψk in a solid is always a mixture of the two spin
states |↑� and |↓�, for example, a dominant spin-up contribution
ak|↑� and a small spin-down contribution bk|↓�. The spin-mixing
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sub-systems. Thus, the overall dynamics is phenomenologically
described by a set of three coupled differential equations (for Te,Tp
and Ts). In cases where we want to make a quantitative comparison
to experiments, we use an approach for finite film thickness,
including non-homogeneous heating and electronic heat diffusion.

In our microscopic implementation of the 3TM, referred to as
M3TM, spin relaxation is mediated by Elliott–Yafet-like processes,
with a spin-flip probability asf for electron–phonon momentum
scattering events. We derived a compact differential equation for
themagnetization dynamics (see theMethods section)
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where m = M/Ms (the magnetization relative to its value at
zero temperature) and TC denotes the Curie temperature. The
prefactor R (unit s−1) provides a materials-specific scaling factor
for the demagnetization rate. Its dependence on relevant magnetic

parameters is given by R ∝ asfT 2
C/µat, where µat is the atomic

magnetic moment. Note that conservation and transfer of angular
momentum is explicitly taken into account. Whereas it is the
excess energy in the electron system that provides the energy
for the demagnetization, interaction with the lattice provides a
dissipative channel for angular momentum (Fig. 1c,e). We stress
that we assume the electronic system to be in full internal
equilibrium throughout our calculations; that is, we neglect the
finite thermalization time, which typically is∼50–100 fs.

Equation (1) in combination with the differential equations
for Te and Tp from the 3TM will be used to fit experimental
demagnetization transients, and thereby extract a value for asf. The
last parameter is related to the spin-mixing of electronic states near
the Fermi level εF, as we calculated by the ab initio density functional
electron theory. As a result of the spin–orbit coupling, a single-
electron eigenstate ψk in a solid is always a mixture of the two spin
states |↑� and |↓�, for example, a dominant spin-up contribution
ak|↑� and a small spin-down contribution bk|↓�. The spin-mixing
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sub-systems. Thus, the overall dynamics is phenomenologically
described by a set of three coupled differential equations (for Te,Tp
and Ts). In cases where we want to make a quantitative comparison
to experiments, we use an approach for finite film thickness,
including non-homogeneous heating and electronic heat diffusion.

In our microscopic implementation of the 3TM, referred to as
M3TM, spin relaxation is mediated by Elliott–Yafet-like processes,
with a spin-flip probability asf for electron–phonon momentum
scattering events. We derived a compact differential equation for
themagnetization dynamics (see theMethods section)
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where m = M/Ms (the magnetization relative to its value at
zero temperature) and TC denotes the Curie temperature. The
prefactor R (unit s−1) provides a materials-specific scaling factor
for the demagnetization rate. Its dependence on relevant magnetic

parameters is given by R ∝ asfT 2
C/µat, where µat is the atomic

magnetic moment. Note that conservation and transfer of angular
momentum is explicitly taken into account. Whereas it is the
excess energy in the electron system that provides the energy
for the demagnetization, interaction with the lattice provides a
dissipative channel for angular momentum (Fig. 1c,e). We stress
that we assume the electronic system to be in full internal
equilibrium throughout our calculations; that is, we neglect the
finite thermalization time, which typically is∼50–100 fs.

Equation (1) in combination with the differential equations
for Te and Tp from the 3TM will be used to fit experimental
demagnetization transients, and thereby extract a value for asf. The
last parameter is related to the spin-mixing of electronic states near
the Fermi level εF, as we calculated by the ab initio density functional
electron theory. As a result of the spin–orbit coupling, a single-
electron eigenstate ψk in a solid is always a mixture of the two spin
states |↑� and |↓�, for example, a dominant spin-up contribution
ak|↑� and a small spin-down contribution bk|↓�. The spin-mixing
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manganite La0.66Sr0.33MnO3. One spin sub-band has a much larger
effective mass that barely contributes to the transport and Pi
reaches a value of more than 90% (type IIIA). A general extensive
overview of the different families of half-metals in addition to the
materials mentioned above—zinc-blende compounds, ruthenates
and double-perovskites, chalcospinels, pyrites and organic half-
metals—is given by Katsnelson et al.11.

To characterize the value of the spin polarization, different
techniques are available12. They can be classified into two main
subgroups: (1) those that determine the density of states n↓
and n↑ at the Fermi level using a photoemission experiment or
(2) experiments determining the spin currents i↓ and i↑ in a
spin-transport device (Fig. 1a–c). In a photoemission experiment
(Fig. 1a), the density of states is mapped. The photoelectrons are
attributed to their energy and spin. In Fig. 1b, the Meservey–
Tedrow technique is shown. By applying a magnetic field to
the superconducting electrode, the quasiparticle density shows
Zeeman split resonances and the current through the barrier can be
separated for both spin directions. In Fig. 1c, the superconductor
is a probe for the diffusive transport (Andreev reflection). The
electron probes the superconductor for a certain time before a
Cooper pair is formed and a hole of opposite spin polarization is
reflected. On the basis of these experimental techniques, Mazin and
co-workers defined a more general spin polarization13,14 including
a weighting of the density of states n↑,↓ by the Fermi velocity
vF, where Pn accounts for the case in Fig. 1a, Pnv for the case of
ballistic and Pnv2 for diffusive transport in the case in Fig. 1c. This
results in the definitions

Pnvi =
�
nvi

�
↑ −

�
nvi

�
↓

�nvi�↑ + �nvi�↓
, i= 0,1,2

and PT =
�
nT 2

�
↑ −

�
nT 2

�
↓

�nT 2�↑ + �nT 2�↓
,

(2)

where ��↑(↓) is defined as the sum over the corresponding quantity
for majority (minority) spin n↑(↓)(EF) weighted by their velocities
v↑(↓)(EF) raised to the power of i. As the transmission T 2 (T
tunnelling matrix element) for an amorphous barrier such as Al2O3
decreases with the Fermi velocity, predominantly s,p-like states
contribute to the tunnelling current for the Meservey–Tedrow
technique15 (Fig. 1b). Thus, values obtained by the Meservey–
Tedrow technique PT and by Andreev reflection in the diffusive
limit Pnv2 are almost equal12. A less common but direct method
to probe the bulk density-of-states momentum resolved is spin-
resolved positron annihilation16. However, using the ‘classical’
methods, the interpretation is not always clear, and sample
preparation can be tedious, expensive or demanding. The finding
by Zhang et al.17 of a very slow demagnetization of the spin system
for the half-metal CrO2 in all-optical pump–probe experiments
gave rise to the idea to implement a novel contact-free technique
to characterize half-metallic materials for spin-electronic devices:
if the demagnetization time τm of the spin system probed by
the time-resolved Kerr rotation after femtosecond excitation is
characteristically different (Fig. 1d), then it should be possible to
use it as a measure of the degree of half-metallicity of a material.
This opens up the way towards an alternative technique that
overcomes the drawbacks of the ‘classical’ methods; it is fast, does
not involve the preparation of a transport device and is suited for
all different types of half-metal. The mechanism responsible for
the slow demagnetization times observed is shown schematically
in Fig. 2a,c, and on the basis of numerical calculations of the
demagnetization time τm in Fig. 2b,d, for the ferromagnetic metal
and a half-metal, respectively. The numerical calculation is based
on the three-temperature model18 that artificially separates the
electrons, spins and the lattice by defining three independent
temperatures (Tel,Tsp andTlat) that are interconnected by relaxation
rates between spins and electrons τel–sp, electrons and lattice τel –lat
and lattice and spins τlat–sp. The three temperatures have been
modelled for parameters of Ni (Fig. 2b) and CrO2 (Fig. 2d). For
the ferromagnetic metal, the understanding is that the Elliot–Yafet
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Fourier Transform Holography
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