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Outline

1. Ultrafast demagnetization in ferromagnets
2. Elliott-Yafet demagnetization due to electron-phonon 

scattering and optical excitation dynamics from ab-initio 
calculations

3. Limits to scattering in a fixed bandstructure
4. Extensions of the Elliott-Yafet approach
5. Wave-diffusion theory of spin and charge transport in metals
6. Application to noncollinear spin currents
7. Application to optically excited spin-polarized currents
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How Small & Fast Can Magnetism/Spintronics 
Get?
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Magnetization Dynamics: Scenarios in 
Ferromagnets

‣Conventional switching: magnetic field (pulses) → 
Domain-wall propagation (>1ns) 

‣Coherent rotation → “precessional switching” (>10ps)

‣Optically induced magnetization dynamics

SN slow!
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Magnetization Dynamics: Scenarios in 
Ferromagnets

VOLUME 76, NUMBER 22 P HY S I CA L REV I EW LE T T ER S 27 MAY 1996

FIG. 1. (a) Experimental pump-probe setup allowing dynamic
longitudinal Kerr effect and transient transmissivity or reflectiv-
ity measurements. (b) Typical Kerr loops obtained on a 22 nm
thick Ni sample in the absence of pump beam and for a delay
Dt ≠ 2.3 ps between the pump and probe pulses. The pump
fluence is 7 mJ cm22. (c) Transient transmissivity [same exper-
imental condition as (b)].

transient transmission curve DT⌅T is displayed in
Fig. 1(c). For both techniques, we used 60 fs pulses
coming from a 620 nm colliding pulse mode locked dye
laser and amplified by a 5 kHz copper vapor laser. The
temporal delays between pump and probe are achieved
using a modified Michelson interferometer. The signals
are recorded using a boxcar and a lock-in synchronous
detection. In the case of differential transmission mea-
surements, the synchronization is made by chopping the
pump beam, while for the MOKE measurements it is
done on the probe beam.
The information about the spin dynamics is contained in

the time evolution of the hysteresis loops recorded for each
time delay Dt. Typical loops obtained for Dt ≠ 2.3 ps
and in the absence of the pump beam are presented in
Fig. 1(b). Each hysteresis loop is recorded at a fixed delay
by slowly sweeping the magnetic field H. For each H
value, the MOKE signal is averaged over about 100 pulses.
The most striking feature is an important decrease of the
remanence (signal at zero field) Mr when the pump is
on. The complete dynamics Mr⇥Dt⇤ for a laser fluence
of 7 mJ cm22 is displayed in Fig. 2. The overall behavior
is an important and rapid decrease of Mr which occurs
within 2 ps, followed by a relaxation to a long lived
plateau. This figure clearly shows that the magnetization
of the film drops during the first picosecond, indicating a
fast increase of the spin temperature. It can be noticed
that for negative delays Mr does not completely recover
its value measured in the absence of pump beam. This
permanent effect is not due to a sample damage as checked
by recording hysteresis loops without the pump beam after
the dynamical measurements. Possible explanations for
this small permanent change are either heat accumulation
or slow motion of the domain walls induced by the
pump beam.
In order to determine the temperature dynamics, we

analyze Fig. 2 using the static temperature dependence
of the magnetization found in text books. This analysis
relies on a correspondence between the variations of the

FIG. 2. Transient remanent longitudinal MOKE signal of a
Ni(20 nm)/MgF2(100 nm) film for 7 mJ cm22 pump fluence.
The signal is normalized to the signal measured in the absence
of pump beam. The line is a guide to the eye.

spontaneous and remanent magnetization, as is usually
done in thin film magnetism. This leads to the time
variation of Ts in Fig. 3(a) (dotted points). Regarding the
determination of the electronic temperature, we assume
that it is proportional to the differential transmittance
shown in Fig. 1(c) as expected for weak DT⌅T signals.
Let us emphasize that this procedure is valid only when
a thermalized electron population can be defined. Since
this effect was never discussed for the case of d electrons
in metals, it deserves some comments. As discussed by
various authors [4–6], the optical pulse creates in the
metal film a nascent (nonthermal) electronic distribution
that relaxes due to electron-electron interactions, leading
to a fast increase of the electron temperature. This process
can be described in the random phase approximation
(RPA) defining nonthermal and thermal (in the sense
of the Fermi-Dirac statistics) electron populations. The
nonthermal electron population is therefore created during
the pump pulse and disappears with a characteristic time
tth (�500 fs for Au), whereas the temperature of the
thermal population increases in the same time scale. The
contribution of the nonthermal electronic distribution to
the transient optical data is therefore expected to present
a sharp peak around zero probe delay (with a rise time
given by the temporal resolution) and the thermal electron
contribution should present a delayed extremum around
tth [5]. A detailed analysis of the transient effects in Ni
for short delays is beyond the scope of the present paper
and will be presented in a future publication. Let us only
mention that with the present experimental conditions
the transient reflectivity of the Ni film presents a single
contribution which is extremum for Dt ≠ 260 fs showing
that the contribution of nonthermal populations is weak
and that the thermalization time is tth � 260 fs. This
short thermalization time for Ni as compared to Au is

4251

Beaurepaire, Merle, Daunois, Bigot, Phys. Rev. Lett. 76, 4250 (1996)
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Ultrafast Optical Swiching Demonstrated 

‣ Is it real?
‣Clarify physical processes involved (angular momentum 

balance?)
‣Determine timescales (ultimate switching speed)
‣ Invent new scenarios (employing optical fields)
‣Look at new materials

Questions/Follow-ups:

Thursday, October 18, 12



Magneto-Optical Kerr Effect: MOKE

‣Magneto-optical effects: Magnetization M influences reflected 
(Kerr effect) and transmitted light (Faraday effect) and 
‣MOKE: Light polarization angle rotated by ΘF(M)
‣Faraday geometry: Intensity changes = magnetic contrast 

What is measured on ultrashort time 
scales? Only reflectivity?

‣Light-matter interaction: electric dipole 
moments
‣Magnetization: spin expectation value 
‣MOKE signal OK at experimentally 

relevant photon energies and pulse 
durations

Zhang et al., Nature Physics 5, 449 (2009) + comment 
Carva et al., Nature Physics 7, 665 (2011)

Thursday, October 18, 12



Hans Christian Schneider, TU Kaiserslautern

Ultrafast Demagnetization in Experiment

‣ Pump-Probe-Measurement 
of the Magneto-optical Kerr 
Effect (MOKE) 

‣ Ultrafast magnetization 
quenching

Beaurepaire, Merle, Daunois, Bigot, Phys. Rev. Lett. 76, 4250 (1996)
M. Krauß et al., Phys. Rev. B 80, 180407(R) (2009)
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Ultrafast Demagnetization in Experiment

‣ X-ray magnetic circular dichroism (XMCD)

Stamm et al., Nature Materials 6, 740 (2007)
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Magnetization Dynamics on Different Time Scales

‣Experimental TR-MOKE result on different time scales 

Djordjevic et al., phys. stat. sol. (c) 3, 1347 (2006)
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Magnetization Dynamics on Different Time Scales

Djordjevic et al., phys. stat. sol. (c) 3, 1347 (2006)

‣ non-equilibrium dynamics
‣ temperature not well defined

‣ quasi-equilibrium dynamics
‣ temperature T=T(r,t)
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‣Coherent regime (~10 fs)
‣ Incoherent “thermalization” dynamics of nonequilibrium electrons (100 fs)
‣Quasi-thermal regime: electron temperature, lattice temperature (1 ps) 
‣Spin-lattice equilibration (100 ps)

Hans Christian Schneider, TU Kaiserslautern

Time Scales of Magnetization Dynamics

lattice thermalized 
electrons

~100 fs   ~1 ps
nonequilibrium 

electrons

~1
00

 ps

magnetization 
(spin)
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Time Scales of Magnetization Dynamics

lattice thermalized 
electrons

~100 fs   ~1 ps
nonequilibrium 

electrons

~1
00

 ps

magnetization 
(spin)

‣Ultrafast magnetization (spin) dynamics surprising! 
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Elliott (-Yafet) Mechanism for Depolarization

• Spin-orbit interaction: spin not a good quantum number

• Average spin of single particle states

•  Spin diagonal scattering processes change average spin

d
dt
hSzi 6= 0

Thursday, October 18, 12



Transition Metals: Band Structure

‣Spin mixing important for 
optical excitation and scattering 
‣Spin mixing anisotropic (“spin 

hot-spots”)?

‣Compute numbers for real 
experiments from a microscopic 
theory using ab-initio input (if 
possible)! 

Nickel band structure 

E
ne

rg
y 

[e
V

]

Fabian & Das Sarma, Phys. Rev. Lett. 
81, 5624 (1998)
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Other Approaches

‣Coherent effects: Important for (few) 
localized levels with strong spin-orbit 
coupling

‣ Landau-Lifshitz-Bloch equations: spins 
coupled to bath; effective spin-orbit 
coupling includes spin-fluctuations 
(around Tc)

‣Superdiffusive transport: electrons 
with different spin leave spot with 
different velocities

tem disordering on the time scale of femtoseconds that re-
duces the total magnetization in average !reduction in the
longitudinal magnetization component in the macrospin ap-
proximation". The effect can be described as “heating” due to
the energy input from the other systems. The high-energy
spin fluctuations are statistically averaged and mirrored in
temperature-dependent parameters. This novel micromag-
netic approach to describe femtosecond dynamics is based
on the Landau-Lifshitz-Bloch !LLB" equation17,24 and will
be used in the following. It has the advantage that, in addi-
tion to a pure statistical description of thermal spin en-
sembles, it is a real dynamic equation.

The thermal excitations which disorder the spin system
have to arise from a microscopic spin-flip process, acting on
a femtosecond time scale. Presently there is an active debate
on the possible candidates for the microscopic spin-flip pro-
cesses leading to femtosecond demagnetization which we
cannot resolve in our experiments. However, we will present
our view on the current understanding: the elementary scat-
tering events in a quantum description can be divided into
two processes that are seen to be most relevant, depicted
schematically in Fig. 2. The first candidate is the
Elliott-Yafet25–27 process. As we have discussed earlier,11 it
makes use of the fact that due to spin-orbit interaction the
spin of the electron is not a good quantum number anymore
and, as a consequence, intermixes the spin channels at some
high-symmetry points of the band structure. If the electrons,
heavily excited by the energy input of the intense femtosec-
ond laser pulse, are scattered into these spin hot spots in the
Fermi surface !by defects, phonon-scattering events, etc.",
the final state has a certain probability to be of opposite spin

direction.28 A spin mixing can be calculated and is a factor of
20 higher in Ni than in Cu, which explains the observed time
scales in femtosecond spin dynamics.26 This first elementary
scattering mechanism reduces the total magnetization. The
second process which is currently discussed is the electron-
electron scattering mediated by exchange interaction.29,30 It
is suggested to be a dominant spin-scattering contribution at
higher energies.29 An electron at around the Fermi level is
excited by an incoming hot electron of opposite spin direc-
tion. While the hot electron relaxes to an unoccupied state at
the Fermi level, the second electron takes up the energy of
the hot electron. After the scattering process both have ex-
changed their spin orientation, a process well known from
spin-polarized electron energy-loss spectroscopy.31 In this
second case, as long as the hot electron remains in the ferro-
magnet, the total magnetization is not reduced, as can be
seen in Fig. 2. However in both cases an electron with op-
posite spin remains at around the Fermi level. The excited
spin state will not be stable in its environment and will fur-
ther decay into spin excitations of lower energy.22 The sub-
sequent relaxation path of this Stoner-type excitation can be
pictured as follows: from the localized Stoner process, de-
scribed in a Hubbard-type model band, a propagator can be
constructed equivalent to a delocalized magnon and both can
be transformed into each other.32 This results into multiple
interaction channels and allows different relaxation paths in a
broad energy range where both the spin-wave dispersion and
the single-particle excitation spectrum overlap !for energies
larger than !ex−EF", suggesting an important role in the
spin-relaxation process. Strong interactions were first dis-
cussed in connection with neutron-scattering experiments in
1970s, where the spin-wave excitation branches for high-
energy spin waves in the transition-metal ferromagnets are
broadened heavily. Approaching the Brillouin-zone boundary
they finally disappear.33 These effects have been theoretically
described in the dynamic susceptibility of the spin system
later.34 We want to stress explicitly that the density of spin
excitations in femtosecond demagnetization experiments is
very high: the averaged magnetization is reduced to a level
approaching half the magnetic moment per atom. In contrast
to standard magnetization dynamics with small excitation
amplitudes, this opens up new relaxation channels not ob-
served before. In other words, to describe femtosecond mag-
netization dynamics correctly the single electron picture in-
trinsic to the Elliott-Yafet model has to be mapped to a
correlated ferromagnetic material with collective spin excita-
tions in a highly nonequilibrium situation. It should be noted
that the electronic nature of the spin excitation in the Stoner
picture cannot be regarded in the following as part of a mi-
cromagnetic equation. However, the subsequent relaxation
into high-energy spin-wave excitations thereafter will be mir-
rored in the longitudinal relaxation included in the macrospin
approximation at a later stage and can be followed in the
thermal macrospin model.

In our LLB macrospin approach, the microscopic spin-flip
process is parameterized by the coupling parameter " be-
tween the spin and the electron system. Here we use the fact
that spin-orbit interaction intermixes the spin channels and
allows spin-flip processes in principle. The thermal mac-
rospin is also advantageous because of a reduced computa-

(a) (b)

FIG. 1. !Color online" Schematics of the thermal model. The
laser deposits energy on the spin system leading to the excitation of
THz spin waves !left". The resulting “macrospin” !right" experi-
ences two relaxations: longitudinal and transverse damping ## and
#!.

FIG. 2. Schematics of the spin-flip processes. !a" Elliott-Yafet
process of an electron-scattering event with a phonon to an unoc-
cupied intraband band state is depicted. The spin-orbit interaction
intermixes the spin channels in some points of the band structure. In
the final state a certain probability of a reversed spin is given. The
phonon takes energy and momentum from the electron system. !b"
Exchange scattering of a hot electron which in effect exchanges the
spin orientation of the hot electron and the locally remaining elec-
tron at lower energy.
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laser deposits energy on the spin system leading to the excitation of
THz spin waves !left". The resulting “macrospin” !right" experi-
ences two relaxations: longitudinal and transverse damping ## and
#!.

FIG. 2. Schematics of the spin-flip processes. !a" Elliott-Yafet
process of an electron-scattering event with a phonon to an unoc-
cupied intraband band state is depicted. The spin-orbit interaction
intermixes the spin channels in some points of the band structure. In
the final state a certain probability of a reversed spin is given. The
phonon takes energy and momentum from the electron system. !b"
Exchange scattering of a hot electron which in effect exchanges the
spin orientation of the hot electron and the locally remaining elec-
tron at lower energy.
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 (Phenomenological) Three-Temperature Model

‣Three systems (electrons, lattice, 
and spins) in quasi-equilibrium: 
assign temperatures

from: Kirilyuk et al., Rev. Mod. Phys. 82, 
2731 (2010)

1.2 Laser-induced magnetization dynamics 7

Figure 1.2: (a) Schematic representation of the three temperature model, pro-
viding a phenomenological description of ultrafast demagnetization: laser power
is initially absorbed by the electrons and then redistributed to the lattice and the
spins according to eqs. 1.1. (b) The final net increase of spin temperature leads
to a reduction of the total magnetization according to the well known Ms(Ts)
curve. (c) Evolution of electron temperature Te, lattice temperatureTl and spin
temperature Ts according to the 3TM (from Ref. [8]).

is initially absorbed by the electrons, almost instantaneously raising the electron
temperature. Heat is then redistributed among the three systems through equa-
tions 1.1, finally leading to a net increase of the spin temperature. The latter is
defined via the well known Ms(Ts) relation that is valid in equilibrium (see Fig.
1.2(b)). Thus an increase of Ts implies a reduction of the magnetic moment. The
evolution of the three temperatures according to eqs. 1.1 is plotted in Fig. 1.2(c).

In order to fit the model to a demagnetization dataset, one typically has to
assume a complete dominance of spin-electron coupling over spin-lattice coupling.
However the physical understanding provided by the 3TM does not go beyond
this statement. In order to gain a deeper insight in the microscopic mechanisms
involved in laser-induced demagnetization one has to consider the problem of an-
gular momentum conservation in the process, which is completely disregarded in
the 3TM. This problem is extensively discussed in the following chapters.

Equations 1.1 are useful to parameterize the demagnetization process and ex-
tract the relevant time scales from the measured data. The main timescales that
we will encounter in this thesis are:

• the demagnetization time �M , describing the rate of magnetization loss upon
laser excitation, and
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‣Separation and quasi-equilibrium assumption OK for picosecond 
time scale. But:

How to describe ultrafast dynamics in the correlated electron 
system of the ferromagnet microscopically?
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Outline

1. Ultrafast demagnetization in ferromagnets
2. Elliott-Yafet demagnetization due to electron-phonon 

scattering and optical excitation dynamics from ab-initio 
calculations

3. Limits to scattering in a fixed bandstructure
4. Extensions of the Elliott-Yafet approach
5. Wave-diffusion theory of spin and charge transport in metals
6. Application to noncollinear spin currents
7. Application to optically excited spin-polarized currents
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Scattering Dynamics in a Fixed Bandstructure

‣Spin mixing important for 
optical excitation and scattering 
‣Spin mixing anisotropic (“spin 

hot-spots”)?

‣Keep band structure fixed!
‣Parameter-free study of 

electronic dynamics due to 
electron-phonon scattering after 
ultrafast excitation!

Nickel band structure 
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Fabian & Das Sarma, Phys. Rev. Lett. 
81, 5624 (1998)
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Elliott-Yafet Mechanism: Spin Relaxation due to 
Electron-Phonon Scattering

• Phonons do not carry angular momentum (spin-diagonal interaction)

d
dt

Sz ≠ 0

Spin mixing + electron-phonon scattering = spin relaxation

Yafet, Solid State Physics, 14 (1963)

Koopmans et al., Nature 
Mat. 9, 256 (2010)

• Extension of 3-temperature model: phonons with spin

 
Ψk
 S zΨk

 ≠ Ψk

+q
 S zΨk


+q

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k-resolved Electron Scattering Dynamics

‣Equation of motion for electronic dynamics

carrier distribution in 
band µ with momentum k

‣Optical excitation of carriers 
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k-Resolved Electron-Phonon Scattering

‣Electron-phonon Boltzmann scattering integrals

S. Essert & H. C. Schneider, 
Phys. Rev. B 84, 224405 (2011)
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k-Resolved Electron-Phonon Scattering

‣Electron-phonon Boltzmann scattering integrals

‣Two contributions to spin-flip matrix element

S. Essert & H. C. Schneider, 
Phys. Rev. B 84, 224405 (2011)
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k-Resolved Electron-Phonon Scattering

‣Electron-phonon Boltzmann scattering integrals

‣Two contributions to spin-flip matrix element

‣Band structure @ T = 0K:
‣Phonon dispersion

‣Transition dipole matrix elements
‣Electron-phonon matrix elements

ab-initio input S. Essert & H. C. Schneider, 
Phys. Rev. B 84, 224405 (2011)
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Optical Excitation: Dipole Transitions in Nickel

‣Dipole transitions with photon energy 1.55 eV in different 
regions of the Brillouing zone

3. Das Modell

Abbildung 3.3.: Mit dem ASW-Programm berechnete Bandstruktur von Nickel entlang einiger Haupt-
symmetrielinien. Die Fermi-Energie liegt bei 0 eV. Als rote Pfeile sind die auf Grund der Energieerhaltung
möglichen optischen Übergänge für eine Photonenenergie von 1,55 eV eingezeichnet. Die blauen Linien
markieren den Bereich der Zustände zwischen ±2 eV. Nur dieser wird bei der dynamischen Rechnung
berücksichtigt.

40

E
ne

rg
y 

[e
V

]

Thursday, October 18, 12



Optical Excitation (2)

‣Optical excitation using ultrashort pulse (1.55 eV, 50fs, 4 mJ/cm-2)
‣Demagnetization is not caused by spin mixing during optical excitation

S. Essert & H. C. Schneider, 
Phys. Rev. B 84, 224405 (2011)
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Optical Excitation in Nickel

‣Energy resolved change in carrier occupation
‣Optical excitation using ultrashort pulse (1.55 eV, 50fs, 4 mJ/cm-2)
‣Mainly minority electrons (and holes!) excited
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Optical Excitation: Frequency Dependence

‣ Influence of band structure/spin-mixing on optical excitation 
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Magnetization Dynamics after Optical Excitation

‣Demagnetization mainly due to hole scattering
‣Optical excitation and electron-phonon-scattering cannot explain 

the observed demagnetization
‣Other scattering mechanisms?

bcc-iron

Essert & 
Schneider, 
Phys. Rev. B 
84, 224405 
(2011)

agreement with 
Carva, Battiato and 
Oppeneer, PRL 107, 

207201 (2011)
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‣Microscopic energy resolved 
dynamics

Energy-Resolved Dynamics: fcc nickel
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Energy-Resolved Dynamics: fcc nickel
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Energy-Resolved Dynamics: fcc nickel
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Energy-Resolved Dynamics: fcc nickel
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Energy-Resolved Dynamics: fcc nickel
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Energy-Resolved Dynamics: fcc nickel
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Hans Christian Schneider, TU Kaiserslautern

Heating of the Lattice

‣ Include dynamical lattice 
temperature

‣Heat capacity

‣Change of scattering phase 
space: No qualitative 
difference! Essert & Schneider J. App. Phys. 111, 

07C514 (2012)
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Band Structure Properties

Nickel band structure @ T = 0K 
with “spin hot-spots” Nickel Density of States 

@ T=0K 

‣Demagnetization requires energy (delivered by pulse)
‣Any scattering process = dynamical redistribution of excited carriers
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How Accurate Can Scattering in a Fixed Band 
Structure Be?

‣Minimal magnetization (maximal demagnetization) by 
“optimization” for the energy deposited by laser pulse in a 
fixed band structure

‣Constraints

‣Deposited energy
Essert & Schneider, Phys. 
Rev. B 84, 224405 (2011)

10

to a linear optimization problem

min
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µ
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with the following constraints:

∑

!k

∑

µ

nµ
!k
= Neq (30a)

∑

!k

∑

µ

nµ
!k
εµ!k ≤ Eeq +∆E (30b)

Here Neq denotes the total number of carriers and Eeq

the total energy of the system in equilibrium, i.e., be-
fore the arrival of the laser pulse. As before, the con-
tribution from orbital angular momentum to the total
magnetization is neglected. We solve this problem with
the ab-initio results at hand for a range of deposited en-
ergies ∆E, and show the results in Fig. 6. Note that
we present the normalized magnetization, i.e., the mini-
mum obtained from the solution of Eq. (29) divided by
the equilibrium magnetization because this value can be
readily compared to the demagnetization measured in an
experiment. These values represent the minimal mag-
netization for a carrier distribution in the fixed (equi-
librium) band structure given the deposited energy. It
holds for all scattering mechanisms that could be creat-
ing this distribution provided that they either conserve
energy (such as electron-electron scattering) or lead to a
loss of energy by transferring it to other systems (such
as electron-phonon scattering).
By comparing the experimental demagnetization with

the calculated minimal magnetization at the amount of
energy deposited in experiment one can see whether the
experimental results can, in principle, be explained in
terms of scattering alone. This comparison turns out to
be not so easy as quite a lot of parameters (e.g. the spot
size, absorption, and reflectivity) are necessary for the es-
timate of the deposited energy from the measured laser
intensity and some of them are known only with a consid-
erable uncertainty. That is why we chose to estimate the
deposited laser energy directly from the measured mag-
netization dynamics. This is possible if one relies on two
assumptions:

1. At about 5 ps after the laser excitation the scatter-
ing processes have locally thermalized the material,
so that the initial non-equilibrium dynamics that
started has evolved in a quasi-equilibrium dynam-
ics, in which the magnetization at that time can
be characterized by the temperature dependence
of the magnetization in the ferromagnet M(t ≈
5 ps) = M(T ) where T = T (t ≈ 5 ps).

2. The coupling to the substrate and other losses are
so weak that almost all of the energy deposited
by the laser is still in the material at that point
(t ≈ 5 ps). However, it has been evenly distributed
among the inner degrees of freedom.

-2 -1 0 1 2

0.0

0.2

0.4

0.6

0.8

1.0

-2 -1 0 1 2

0.0

0.2

0.4

0.6

0.8

1.0

 

 

o
cc

u
p

at
io

n
 d

is
tr

ib
u

ti
o

n

energy (eV)

 majority spin

 minority spin

 equilibrium distribution

          (Fermi-Dirac)
(a)

(b)

 

 

o
cc

u
p

at
io

n
 d

is
tr

ib
u

ti
o

n

energy (eV)

 majority spin

 minority spin

 equilibrium distribution

          (Fermi-Dirac)

Figure 7. (Color online) Energy- and spin-resolved occu-
pation distributions for nickel. (a) shows the distributions
that is necessary to attain the minimal magnetization for
∆E = 100meV/cell while (b) shows a typical distribution
that would be created by the optical excitation (This is a
slightly different representation of the data shown in Fig. 2(a).
Here we show the occupation distribution which allows an eas-
ier comparison with the equilibrium distribution).

These assumptions are consistent with interpretations of
measured data by Koopmans et al.30 and seem to be espe-
cially well fulfilled for measurements on thin films. They
can now be used to extract the deposited energy from
the measured magnetization at 5 ps, and to read off the
corresponding achievable minimum magnetization from
Fig. 7. This can be compared with the “quenched” mag-
netization reached in the same measurement. In typical
data for nickel31 and iron32 at high intensities we find for
the normalized magnetization after thermalization val-
ues of MNi(5 ps) = 0.1 and MFe(5 ps) = 0.8. Using the
equilibrium temperature dependence of the magnetiza-
tion M(T ), we conclude that the temperature after local
thermalization is about 625K for nickel and about 800K
for iron, respectively. As we assume an even distribution

10

to a linear optimization problem

min
{nµ

!k
:0≤nµ

!k
≤1}

∑

!k

∑

µ

nµ
!k
〈Sz〉

µ
!k

(29)

with the following constraints:

∑

!k

∑

µ

nµ
!k
= Neq (30a)

∑

!k

∑

µ

nµ
!k
εµ!k ≤ Eeq +∆E (30b)

Here Neq denotes the total number of carriers and Eeq

the total energy of the system in equilibrium, i.e., be-
fore the arrival of the laser pulse. As before, the con-
tribution from orbital angular momentum to the total
magnetization is neglected. We solve this problem with
the ab-initio results at hand for a range of deposited en-
ergies ∆E, and show the results in Fig. 6. Note that
we present the normalized magnetization, i.e., the mini-
mum obtained from the solution of Eq. (29) divided by
the equilibrium magnetization because this value can be
readily compared to the demagnetization measured in an
experiment. These values represent the minimal mag-
netization for a carrier distribution in the fixed (equi-
librium) band structure given the deposited energy. It
holds for all scattering mechanisms that could be creat-
ing this distribution provided that they either conserve
energy (such as electron-electron scattering) or lead to a
loss of energy by transferring it to other systems (such
as electron-phonon scattering).
By comparing the experimental demagnetization with

the calculated minimal magnetization at the amount of
energy deposited in experiment one can see whether the
experimental results can, in principle, be explained in
terms of scattering alone. This comparison turns out to
be not so easy as quite a lot of parameters (e.g. the spot
size, absorption, and reflectivity) are necessary for the es-
timate of the deposited energy from the measured laser
intensity and some of them are known only with a consid-
erable uncertainty. That is why we chose to estimate the
deposited laser energy directly from the measured mag-
netization dynamics. This is possible if one relies on two
assumptions:

1. At about 5 ps after the laser excitation the scatter-
ing processes have locally thermalized the material,
so that the initial non-equilibrium dynamics that
started has evolved in a quasi-equilibrium dynam-
ics, in which the magnetization at that time can
be characterized by the temperature dependence
of the magnetization in the ferromagnet M(t ≈
5 ps) = M(T ) where T = T (t ≈ 5 ps).

2. The coupling to the substrate and other losses are
so weak that almost all of the energy deposited
by the laser is still in the material at that point
(t ≈ 5 ps). However, it has been evenly distributed
among the inner degrees of freedom.

-2 -1 0 1 2

0.0

0.2

0.4

0.6

0.8

1.0

-2 -1 0 1 2

0.0

0.2

0.4

0.6

0.8

1.0

 

 

o
cc

u
p

at
io

n
 d

is
tr

ib
u

ti
o

n

energy (eV)

 majority spin

 minority spin

 equilibrium distribution

          (Fermi-Dirac)
(a)

(b)

 

 

o
cc

u
p

at
io

n
 d

is
tr

ib
u

ti
o

n

energy (eV)

 majority spin

 minority spin

 equilibrium distribution

          (Fermi-Dirac)

Figure 7. (Color online) Energy- and spin-resolved occu-
pation distributions for nickel. (a) shows the distributions
that is necessary to attain the minimal magnetization for
∆E = 100meV/cell while (b) shows a typical distribution
that would be created by the optical excitation (This is a
slightly different representation of the data shown in Fig. 2(a).
Here we show the occupation distribution which allows an eas-
ier comparison with the equilibrium distribution).

These assumptions are consistent with interpretations of
measured data by Koopmans et al.30 and seem to be espe-
cially well fulfilled for measurements on thin films. They
can now be used to extract the deposited energy from
the measured magnetization at 5 ps, and to read off the
corresponding achievable minimum magnetization from
Fig. 7. This can be compared with the “quenched” mag-
netization reached in the same measurement. In typical
data for nickel31 and iron32 at high intensities we find for
the normalized magnetization after thermalization val-
ues of MNi(5 ps) = 0.1 and MFe(5 ps) = 0.8. Using the
equilibrium temperature dependence of the magnetiza-
tion M(T ), we conclude that the temperature after local
thermalization is about 625K for nickel and about 800K
for iron, respectively. As we assume an even distribution

11

among the material’s degrees of freedom, we can calcu-
late the deposited energy as an integral over the heat
capacity Cp(T ):

∆E =

∫ T (5 ps)

300K
dTCp(T ) (31)

which we solved using experimental data for Cp(T )33

yielding ∆E(Ni) = 100meV/cell and ∆E(Fe) =
160meV/cell. For these energies, Fig. 6 yields 0.26 and
0.77 as minimal achievable magnetizations for nickel and
iron, respectively. These values should be compared to
the experimentally observed quenched magnetizations of
0.1 for nickel and 0.7 for iron. As the experimentally
measured minima only slightly violate the theoretical
bounds, one could be inclined to conclude that this argu-
ment does not rule out a demagnetization on the basis of
pure redistribution in a fixed band structure. That view
changes, however, if one looks at the corresponding distri-
bution functions that are necessary to attain the theoret-
ical magnetization minima. The one for nickel is shown
in Fig. 7(a) and should be compared to the distribution
that is created by pure optical excitation [Fig. 7(b)]. As
discussed before, the optically excited distribution is the
starting point for all scattering processes and we would
expect these to bring the system back to a Fermi-Dirac
distribution (at a higher temperature) which is also dis-
played in the figure. It is not at all likely that in the
course of this process there will be an intermediate state
that has a distribution that is anywhere close to the one
shown in Fig. 7(a) for two reasons: First, for a magne-
tization close to the theoretical limit a highly “ordered”
distribution is necessary, which is unlikely to be reached
by random scattering processes. Second, the state shown
in Fig. 7(a) lies very far off from the direct continuous
transition from the distribution in Fig. 7(b) to the equi-
librium distribution, both in terms of a simple relaxation
time approximation and if one considers a quasi-elastic
process, such as electron-phonon scattering, where we
have a slow, but continuous energy relaxation of the ex-
ited carriers towards the Fermi energy where eventually
non-equilibrium electrons and holes cancel out.
Even though this argument is not a rigorous, we find

it convincing enough to draw the conclusion that scat-
tering dynamics in a fixed band structure cannot explain
the observed ultrafast demagnetization. We therefore be-
lieve that it is important to include dynamical changes
in the “magnetic structure.” It is conceivable that the
band structure, i.e., the exchange splitting, changes dur-
ing the demagnetization process. For instance, there are
time-resolved photoemission experiments34 that point to
a collapse of the magnetic exchange splitting for the Ni 3d
valence states with a time constant of about 300 fs. We
stress that our arguments above apply to extended sys-
tems without disorder. There may also be contributions
that reduce the magnetization due to a finite thickness of
the film, e.g., by superdiffusive transport of carriers out
of the film into the substrate, or if one considers finite
systems where the “band structure” consists of discrete

levels, so that coherent processes may play a much bigger
role.

Finally, we would like to comment on the relation
of our results to an earlier paper10, in which we com-
puted electron-electron scattering dynamics in a fixed
band structure with spin-orbit splitting and analyzed,
for the first time, its contribution to ultrafast demagne-
tization in 3d-ferromagnets. The present results make it
seem likely that in Ref. 10 we overestimated the energy
deposited by the excitation pulse and thus the magnetiza-
tion quenching achievable by electron-electron scattering
in a fixed band structure. Electron-electron scattering
certainly plays an important role in the demagnetization
process, but its quantitative assessment should be done
using a dynamical calculation that includes a change in
the “magnetic structure.”

IV. CONCLUSIONS

The main objective of this paper was to analyze in de-
tail the dynamics due to one of the proposed mechanisms
for ultrafast demagnetization: the Elliott-Yafet process
based on electron-phonon scattering. To this end, we
carried out a numerical analysis without adjustable pa-
rameters including the laser excitation and the scattering
dynamics on the level of Boltzmann scattering integrals.
We evaluated the model for the elementary ferromagnets
nickel and iron utilizing realistic band structures and ma-
trix elements obtained from ab-initio calculations. As in
other studies,10,14,16 we kept the band structure fixed.
In this case, the computed demagnetization for realis-
tic pump-laser intensities is smaller by almost a factor
of ten than what is observed in experiments. An addi-
tional argument shows that this bound for the achievable
magnetization “quenching” is likely to hold as well for
other scattering mechanisms, such as electron-electron or
electron-impurity scattering. We interpret our numerical
results that any microscopic model that tries to explain
ultrafast demagnetization by scattering dynamics really
should include a dynamical change of the magnetic struc-
ture. It seems that without the latter ingredient, the de-
magnetization process cannot be explained by an Elliott-
Yafet-type mechanism alone.
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Figure 5. (Color online) Energy- and spin-resolved occupation changes �N� at di↵erent times for nickel, as shown in Fig. 4,
including the spin-orbit coupling in the electron-phonon matrix element. The representation is in analogy to the one for the
optical excitation [Figs. 2(b) and 2(c)].
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Figure 6. (Color online) Theoretical limit for the minimal
magnetization achievable by a pure redistribution in a fixed
band structure for a range of deposited energies �E.

C. Qualitative considerations

As we saw from the results of the last section that
electron-phonon scattering alone cannot explain the ex-
perimentally observed demagnetization, the next impor-
tant step seems to be to extend the existing model
to other scattering mechanisms, e.g., electron-electron
or electron-impurity scattering. However, an argument
based on energetics shows that their inclusion is not likely
to improve the description much, if one retains the lim-
itation that the model contain only scattering, i.e., the
redistribution of carriers in a fixed band structure. This
conclusion is based on the simple observation that de-
magnetization in a fixed band structure naturally costs
energy as it requires a transfer of occupation from ma-
jority states to minority states which are shifted up in
energy by the exchange splitting. One can make this ob-
servation quantitative by finding the minimal magnetiza-
tion that the material can attain given a fixed amount of
deposited energy �E. This leads to a linear optimization
problem

min
{nµ

~k
:0nµ

~k
1}

X

~k

X

µ

nµ
~k
hSziµ~k (29)

Essert & 
Schneider, 
Phys. Rev. B 
84, 224405 
(2011)
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Figure 5. (Color online) Energy- and spin-resolved occupation changes �N� at di↵erent times for nickel, as shown in Fig. 4,
including the spin-orbit coupling in the electron-phonon matrix element. The representation is in analogy to the one for the
optical excitation [Figs. 2(b) and 2(c)].
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magnetization achievable by a pure redistribution in a fixed
band structure for a range of deposited energies �E.

C. Qualitative considerations

As we saw from the results of the last section that
electron-phonon scattering alone cannot explain the ex-
perimentally observed demagnetization, the next impor-
tant step seems to be to extend the existing model
to other scattering mechanisms, e.g., electron-electron
or electron-impurity scattering. However, an argument
based on energetics shows that their inclusion is not likely
to improve the description much, if one retains the lim-
itation that the model contain only scattering, i.e., the
redistribution of carriers in a fixed band structure. This
conclusion is based on the simple observation that de-
magnetization in a fixed band structure naturally costs
energy as it requires a transfer of occupation from ma-
jority states to minority states which are shifted up in
energy by the exchange splitting. One can make this ob-
servation quantitative by finding the minimal magnetiza-
tion that the material can attain given a fixed amount of
deposited energy �E. This leads to a linear optimization
problem

min
{nµ

~k
:0nµ

~k
1}

X

~k

X

µ

nµ
~k
hSziµ~k (29)

complete 
demagnetizationEssert & 

Schneider, 
Phys. Rev. B 
84, 224405 
(2011)
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Figure 5. (Color online) Energy- and spin-resolved occupation changes �N� at di↵erent times for nickel, as shown in Fig. 4,
including the spin-orbit coupling in the electron-phonon matrix element. The representation is in analogy to the one for the
optical excitation [Figs. 2(b) and 2(c)].
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Figure 6. (Color online) Theoretical limit for the minimal
magnetization achievable by a pure redistribution in a fixed
band structure for a range of deposited energies �E.

C. Qualitative considerations

As we saw from the results of the last section that
electron-phonon scattering alone cannot explain the ex-
perimentally observed demagnetization, the next impor-
tant step seems to be to extend the existing model
to other scattering mechanisms, e.g., electron-electron
or electron-impurity scattering. However, an argument
based on energetics shows that their inclusion is not likely
to improve the description much, if one retains the lim-
itation that the model contain only scattering, i.e., the
redistribution of carriers in a fixed band structure. This
conclusion is based on the simple observation that de-
magnetization in a fixed band structure naturally costs
energy as it requires a transfer of occupation from ma-
jority states to minority states which are shifted up in
energy by the exchange splitting. One can make this ob-
servation quantitative by finding the minimal magnetiza-
tion that the material can attain given a fixed amount of
deposited energy �E. This leads to a linear optimization
problem

min
{nµ

~k
:0nµ

~k
1}

X

~k

X

µ

nµ
~k
hSziµ~k (29)

complete 
demagnetization

ΔE from 
experiment for 
complete 
demagnetization:

inconsistent with 
experiment!!!

Essert & 
Schneider, 
Phys. Rev. B 
84, 224405 
(2011)
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Distribution Functions

after optical excitation  minimal magnetization
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Distribution Functions

after optical excitation  minimal magnetization

unlikely to be reached by 
physical scattering processes
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Distribution Functions

after optical excitation  minimal magnetization

‣Scattering in DFT band structure in general not sufficient to 
explain demagnetization
‣Exchange splitting change/spin fluctuations must occur on 

ultrafast timescale in addition to scattering Rhie et al., Phys. Rev. 
Lett. 90, 247201 (2003)

agreement with 
Carva, Battiato and 
Oppeneer, PRL 107, 

207201 (2011)
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1. Ultrafast demagnetization in ferromagnets
2. Elliott-Yafet demagnetization due to electron-phonon 

scattering and optical excitation dynamics from ab-initio 
calculations

3. Limits to scattering in a fixed bandstructure
4. Extensions of the Elliott-Yafet approach
5. Wave-diffusion theory of spin and charge transport in metals
6. Application to noncollinear spin currents
7. Application to optically excited spin-polarized currents
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Dynamical Exchange-Splitting: Model

‣Stoner Model for exchange 
splitting
‣spin-dependent DOS

‣electron-electron and 
electron-phonon scattering

‣band structure (spin-orbit 
interaction, matrix 
elements, optical excitation) 
not ab-initio 







 

Δ =Ueff (n↑ − n↓ )

 Dσ () = Dσ
(0)( ± Δ)
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Dynamics in 2-Band Model

‣Compare 
influence of 
scattering 
mechanisms and 
exchange splitting

‣Exchange splitting 
important
‣Electron-electron 

scattering to a 
lesser extent
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Heusler Alloys: Generalities

‣Composition X2YZ (X,Y = transition metals; Z = main 
group element)
‣Here: Co2MnSi (CMS) and Co2FeSi (CFS)

‣Band structure engineering: Co2Mn1-xFexSi
‣Half-metals (“tunable” gap in minority bands @ Fermi 
energy): Materials with high spin polarization
‣Exact determination of half-metallicity via theory/
experiment difficult
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Heusler Alloys: CMS and CFS

‣Half metals with different line-up of gap in minority channel
‣CMS: “minority-state blocking” = no empty minority-spin states for 

spin-flip transitions above Fermi energy
‣CFS: empty minority-spin states available at the Fermi energy
‣Expect different demagnetization after optical excitation

EF

CMS CFS

Opt. Opt.

SF

SF

Opt.

Majority
Minority

Allowed/ forbidden
Optical transition

Opt.

SF

Opt.

SF

Allowed/ forbidden
spin-flip eventThursday, October 18, 12
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Demagnetization Dynamics for CFS and CMS

‣Experimental MOKE spectra show similar demagnetization 
dynamics
‣No signature of minority-state blocking in CMS
‣Possible explanation: defect states in the band gap
‣Here: trace scattering pathways in dynamical model
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• epitaxial CFS, CMS samples
• optical excitation @800 nm, 

50 fs pulses
• τM = 198 fs (CFS)
• τM = 256 fs (CMS)
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Band Structure and Dynamics

‣Band structure in Γ-X direction

‣Optical excitation in CFS only in 
minority channel (no electronic 
demagnetization!)
‣CMS: minority and majority 

electrons are excited

‣Possibility of majority-minority 
spin transitions below EF in both 
cases

Steil, D. et al. B Phys. Rev. Lett. 105, 217202 
(2010).

Krauß, M. et al.. Phys. Rev. B 80, 180407 
(2009).
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Calculated Demagnetization Dynamics

•Good agreement 
with experiment for 
time constants 
• “Quenching” 
somewhat different
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Steil, D. et al. B Phys. Rev. Lett. 105, 217202 
(2010).

Krauß, M. et al.. Phys. Rev. B 80, 180407 
(2009).

Thursday, October 18, 12



Conclusions (1)

•Dynamical calculation of momentum resolved distribution 
functions w/ excitation and Boltzmann scattering integrals 
including spin-orbit interaction
•DFT (T = 0K) band structure and electron-phonon coupling 

matrix elements including electron-phonon scattering OR
•Simplified band structure (DOS) and more (bands/scattering 

mechanisms/dynamical exchange splitting)

•Classical Elliott-Yafet spin-flip scattering occurs mainly for 
holes!
• In Heusler alloys, this explains the observed characteristics
• In ferromagnets, it  cannot explain observed magnetization 

quenching
•Dynamical exchange splitting (together with electronic 

redistribution) seems to improve results! 
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“Experimental” Problems

-d 0 L

z

x

y

FM NM

Tserkovnyak et al, Phys. Rev. Lett. 88, 117601 (2002); 
Phys. Rev. B 66, 224403 (2002)

Spin current pumped by FM precessing around magnetic field

FM precessing around magnetic field

Spin current exited in FM by ultrashort optical pulse

  


s
pump = 1

2π
g↑↓

S
m × d

m
dt

⎡
⎣⎢

⎤
⎦⎥
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Basics (1): Two-Current Model

‣Current carried by “spin-up” and “spin-down” electrons; spin flips rare

4s

3d

N. F. Mott, Proc. Roy. Soc. A 153, 699 (1936)

Fe, Co, and Ni: 
ferromagnetic

Energy

determine 
conductivity

determine 
magnetization

Density 
of statesS

Conductivity

EF

σ↑ >σ↓
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Basics (1): Two-Current Model

‣Current carried by “spin-up” and “spin-down” electrons; spin flips rare

4s

3d

N. F. Mott, Proc. Roy. Soc. A 153, 699 (1936)

Fe, Co, and Ni: 
ferromagnetic

Energy

determine 
conductivity

determine 
magnetization

Density 
of statesS

Conductivity

EF

σ↑ >σ↓

3d

4s

Density 
of states

Energy
Cu: 
nonmagnetic

Conductivity σ↑ =σ↓
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Basics (2): Spin Injection with Current (DC)

‣FM-NM junction: collinear magnetization

S

Spin accumulation
(local charge 
neutrality: metals)

On the length scale of      :   
Spin current injected into NM

FM NM

Bulk FM Bulk NM

FM NM

Electro-chemical potential

λsf

x
 λsf  100nm

J↑(x)

J↓(x)
J↑ > J↓
σ↑ >σ↓

σ↑ =σ↓

J↑ = J↓

J = J↑(x)+ J↓(x)

µ↓(x)

µ↑(x)
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Spin Signal-Propagation

‣Spin signal transmitted into 
normal metal

S

NMFM

x

J = J↑(x)+ J↓(x) Jm = J↑(x)− J↓(x)
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NMFM
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Spin Signal-Propagation

‣Spin signal transmitted into 
normal metal

S

NMFM

Diffusion theory: x

J = J↑(x)+ J↓(x) Jm = J↑(x)− J↓(x)
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Spin Signal-Propagation

‣Spin signal transmitted into 
normal metal

S

NMFM

Infinite signal velocity

Diffusion theory: x

J = J↑(x)+ J↓(x) Jm = J↑(x)− J↓(x)
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Boltzmann Equation (noncollinear)
• Single-particle density matrix

• Matrix in “spin space”:
• Boltzmann equation 

• Bloch vector:

Y.-H. Zhu, B. Hillebrands, and H. C. Schneider, Phys. Rev. B 79, 214412 (2009), 
see also Y. Qi and S. Zhang, Phys. Rev. B 67, 052407 (2003).

spin direction

 ̂ρσ , ′σ (
r1,
r2 ) = ψσ

†(r1)ψ ′σ (
r2 ) → ρ̂σ , ′σ (


k , r )

 
u = Tr σ ρ̂[ ]

∂ρ̂
∂t relax
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Boltzmann Equation (noncollinear)
• Single-particle density matrix

• Matrix in “spin space”:
• Boltzmann equation 

• Bloch vector:

Y.-H. Zhu, B. Hillebrands, and H. C. Schneider, Phys. Rev. B 79, 214412 (2009), 
see also Y. Qi and S. Zhang, Phys. Rev. B 67, 052407 (2003).

spin direction

 ̂ρσ , ′σ (
r1,
r2 ) = ψσ

†(r1)ψ ′σ (
r2 ) → ρ̂σ , ′σ (


k , r )

 
u = Tr σ ρ̂[ ]

• Macroscopic equations: summation over k (or v); only space dependence in x

spin density vector:   

S(x,t) spin current density tensor:  Jα

m (x,t) =Qα ,x (x,t)
 


S(r ,t) = 

2V
u(

k , r ,t)


k
∑

 
Qα ,β (

r ,t) = 
2V

vαuβ (

k , r ,t)


k
∑

∂ρ̂
∂t relax
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Hans Christian Schneider, TU Kaiserslautern

General Macroscopic Dynamical Equations

‣General structure

‣ Including simple relaxation terms: spin flip (                   ) and 
momentum relaxation times (  )

 

∂

S(x,t)
∂t

= −γ

S ×

B −

S
T1

− ∂

Jm
∂x

 
∂

Jm (x,t)
∂t

= −csig
2 ∂S
∂x

− e
m* E(x,t)


S −γ


Jm ×


B − 1

τ

Jm

 

∂

S(x,t)
∂t

= −γ

S ×

B − ∂


Jm
∂x

− ∂

S(x,t)
∂t relax

 

∂

Jm (x,t)
∂t

= −csig
2 ∂S
∂x

− e
m* E(x,t)


S −γ


Jm ×


B − ∂


Jm
∂t relax

T2 = T1 =
1
2
τ sf

τ
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∂
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= −γ

S ×

B −

S
T1

− ∂

Jm
∂x

 


Jm (x,t) = −D ∂S

∂x
− µE(x,t)


S −τγ


Jm ×


B −τ ∂


Jm
∂t
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Averaging time-dependent Boltzmann around Fermi energy
à wave diffusion equations

    not included in diffusion theory

Finite signal propagation velocity

Y.-H. Zhu, B. Hillebrands, and H. C. Schneider, PRB 78, 054429 (2008)

Collinear Macroscopic Equations

T1 =
1
2
τ sfwhere
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Analytical Solution

wave-diffusion equation  

with

plane-wave ansatz    

dispersion relation 

calcuate mean-square displacement for intial condition 

(George H. Weiss, Physica A, 311, pp. 381, 2002.)

∂2nm
∂t 2

+ 1
τ
+ 1
T1

⎛
⎝⎜

⎞
⎠⎟
∂nm
∂t

+ nm
τT1

= csig
2 ∂2nm

∂x2

nm (x,t)∝ exp[i(kx −ωt)]

ω (k) =ω R (k)+ω I (k)

−ω 2 − i 1
τ
+ 1
T1

⎛
⎝⎜

⎞
⎠⎟
ω + 1

τT1
= −csig

2 k2

Δ2
x = dx∫ x2nm (x,t)

nm (x,t = 0) = δ (x)

Steffen Kaltenborn, Yao-Hui Zhu, and Hans Christian 
Schneider, Phys. Rev. B 85, 235101
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Spin Wave-Diffusion Equation: Analytical 
Solutions (2)

• Calculate mean-square displacement for wave solution

• If                  transport is ballistic
• If             transport is diffusive

Δ2
x = dx∫ x2nm (x,t)∝ csig

2 t 1
τ
+ 1
T1

⎛
⎝⎜

⎞
⎠⎟
e− t /τ − e− t /T1( )

Δ2
x ∝ csig

2 t 2

Δ
2 x(
nm
)

Δ2
x ∝ t

parameters for Cu
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Ballistic and Diffusive Transport

‣Ballistic and diffusive 
behavior from wave-diffusion 
equation
‣Transition between two 

regimes also covered 

Δ
2 x(
nm
)

Steffen Kaltenborn, Yao-Hui Zhu, and Hans Christian 
Schneider, Phys. Rev. B 85, 235101
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Spin Wave-Diffusion Equation: Analytical 
Solutions (3)

• Plane wave ansatz for steady state: 
• Complex wave vector 
• Frequency-dependent wavelength and damping length 

Wave character significant 
above the critical frequency

wave length

damping 
length

Jm (x,t)∝ exp[i(kx −ωt)]
k(ω ) = kR (ω )+ kI (ω )

Y.-H. Zhu, B. Hillebrands, and H. C. 
Schneider, PRB 78, 054429 (2008),

Y.-H. Zhu and H. C. Schneider, IEEE 
Trans. Magn. 45, 4395 (2009)
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Outline

1. Ultrafast demagnetization in ferromagnets
2. Elliott-Yafet demagnetization due to electron-phonon 

scattering and optical excitation dynamics from ab-initio 
calculations

3. Limits to scattering in a fixed bandstructure
4. Extensions of the Elliott-Yafet approach
5. Wave-diffusion theory of spin and charge transport in metals
6. Application to noncollinear spin currents
7. Application to optically excited spin-polarized currents
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• Spin current pumped into NM:

-d 0 L

z

x

y

FM NM

Tserkovnyak et al, Phys. Rev. Lett. 88, 117601 (2002); 
Phys. Rev. B 66, 224403 (2002)

Spin-mixing conductance

FM precessing around 
magnetic field

  


s
pump = 1

2π
g↑↓

S
m × d

m
dt

⎡
⎣⎢

⎤
⎦⎥

Thursday, October 18, 12



Diffusion-Dominated Region

• Below the critical frequency: 7.11 THz

Diffusion equation applicable

Diffusion equation yields wrong 
result

• ‘Skin’ effect: decrease of damping length with frequency

Snapshots of transverse components

Pumped current fa=2 GHz

fb=200 GHz

Y.-H. Zhu, B. Hillebrands, and H. C. Schneider, Phys. Rev. B 79, 214412 (2009)
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Wave-Dominated Region

• Above the critical frequency

Wave-front velocity estimated: 

• Completely different from diffusion theory!

Y.-H. Zhu, B. Hillebrands, and H. C. Schneider, Phys. Rev. B 79, 214412 (2009)
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Optical Excitation, Scattering Transport in Metals/
Ferromagnets

‣Spin-dependent transport on 
ultrashort timescales
‣Ballistic transport important
‣ Influence of “hot” electrons?
‣No Boltzmann transport and 

scattering calculation 
available

‣Here: Use our simpler, 
macroscopic approach

A. Melnikov et al., PRL 107, 0766011 (2011)

M. Battiato et al., PRL 105, 027203 (2010):
 superdiffusive transport (includes scattering)
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Optically Excited Dynamics in Gold

  Spin             Charge

left boundary condition: Gaussian pulse 

pulse duration: 35 fs

different right boundary conditions: with and without reflection

               Fe            AuJs (x = 0,t) = J
(0) exp − (t − t0 )

2

2σ 2

⎛
⎝⎜

⎞
⎠⎟

model spin dependence by τ↑ = 30fs ≠ τ↑ = 31.5 fs
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Current Dynamics

 Without Reflection    
       Gaussian pulse propagates
      
       Broadening shows ballistic and diffusive
       contributions

    With Reflection 
       Finite slab thickness/reflection yields a
       negative spin-current density

Steffen Kaltenborn, Yao-Hui Zhu, and Hans Christian 
Schneider, Phys. Rev. B 85, 235101

Thursday, October 18, 12



Density Dynamics

‣Aha
  Majority Electrons         Charge

finite width of the peak 
à ballistic and diffusive contributions

multiple reflections
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      Spin Polarization
     
     Spin dynamics change for 
          spin-dependent excitation

     typical characteristic:
     short negative spike
     long positive tail

Dynamics at Right Boundary

Steffen Kaltenborn, Yao-Hui Zhu, and Hans Christian 
Schneider, Phys. Rev. B 85, 235101
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Spin and Charge Dynamics: Expt. vs. Theory

  Spin Polarization         Charge

A. Melnikov et al., PRL 107, 0766011 (2011):

Qualitative agreement
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Conclusions (2)

• Macroscopic equation system for unified description of ballistic 
and diffusive spin and charge transport

• Model based on well established transport parameters
    

• Qualitative explanation of key features of spin and 
  charge dynamics after ultrashort pulse excitation 
• No superdiffusive transport

• Quantitative studies and comparisons needed
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