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Preface

This volume on Ultrafast Magnetism is a collection of articles presented at the
international “Ultrafast Magnetization Conference” held at the Congress Center in
Strasbourg, France, from October 28th to November 1st, 2013. This first confer-
ence, which is intended to be held every two years, received a wonderful attendance
and gathered scientists from 27 countries in the field of Femtomagnetism,
encompassing many theoretical and experimental research subjects related to the
spins dynamics in bulk or nanostructured materials. The participants appreciated
this unique opportunity for discussing new ideas and debating on various physical
interpretations of the reported phenomena. The format of a single session with
many oral contributions as well as extensive time for poster presentations allowed
researchers to have a detailed overview of the field.

Importantly, one could sense that, in addition to studying fundamental magnetic
phenomena, ultrafast magnetism has entered in a phase where applied physics and
engineering are playing an important role. Several devices are being proposed with
exciting R&D perspectives in the near future, in particular for magnetic recording,
time resolved magnetic imaging and spin polarized transport, therefore establishing
connections between various aspects of modern magnetism. Simultaneously, the
diversity of techniques and experimental configurations has flourished during the
past years, employing in particular Xrays, visible, infra-red and terahertz radiations.
It was also obvious that an important effort is being made for tracking the dynamics
of spins and magnetic domains at the nanometer scale, opening the pathway to
exciting future developments. The concerted efforts between theoretical and
experimental approaches for explaining the dynamical behaviors of angular
momentum and energy levels, on different classes of magnetic materials, are worth
pointing out. Finally it was unanimously recognized that the quality of the scientific
oral and poster presentations contributed to bring the conference to a very high
international standard.

The organization of this conference has greatly benefitted from dedicated people.
First we thank our sponsors for making the event possible. Let us mention insti-
tutions like the European Research Agency (Research Advanced Grant ATOMAG),
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the French Ministry of Education and Research (Equipex UNION and Labex NIE),
the National Scientific Research Center in France (CNRS), the University of
Strasbourg and the University of Kaiserslautern. We acknowledge our friendly
industrial partners who also contributed significantly to the success of the confer-
ence: Coherent, Amplitude Technologies, Newport, Fastlite, Zhinst, Femtolasers,
Acalbfi. The local and international committee had to review 115 contributions
which appear to be an excellent up-to-date condensate of the actual research and
development in ultrafast magnetism. Our special thanks go in particular to Drs.
Nabila Kadiri and Mircea Vomir (CNRS, University of Strasbourg) the organiza-
tion, the web site as well as the preparation of this volume.
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Femtosecond Laser Pulses Switch Magnetic 
States via Strongly-Correlated Spin Charge 
Quantum Excitations 

Ilias E. Perakis 
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ilias@physics.uoc.gr 

Abstract   The technological demand to bump the Gigahertz switching speed-
limit of today's magnetic memory and logic devices into the Terahertz regime un-
derlies the entire field of spin-electronics and integrated multi-functional nano-
devices. In this talk, I show how all-optical switching based on the ultrafast quan-
tum-mechanical manipulation of spins could meet this challenge. 

Introduction 

The technological demand to push the gigahertz switching speed limit of magnetic  
devices into the terahertz regime is met by all–optical magnetic switching based 
on coherent spin manipulation in strongly correlated systems, where the strength 
of local spin-spin, Coulomb, and electron-lattice interactions exceeds the kinetic 
energy and width of the electronic energy bands.  Strong correlations between 
electrons in neighboring lattice sites determine the optically-induced coherent 
nonlinear dynamics and lead to time-dependence absent in weakly-correlated 
magnetic systems1. By analogy to femto–chemistry and photosynthetic dynamics, 
where photo-products of chemical/biochemical reactions can be influenced by 
creating suitable superpositions of molecular states, we show that femtosecond 
(fs) laser–excited coherence between spin/orbital/charge quantum states in neigh-
boring sites can switch magnetic orders2 by “suddenly” breaking the delicate bal-
ance between competing phases of correlated materials such as the colossal mag-
neto–resistive (CMR) manganites3. We predict theoretically and observe in the 
experiment2 fs photoinduced switching from antiferromagnetic to ferromagnetic 
ordering. Ferromagnetic spin correlation is driven by the establishment, within the 
~100 fs time interval of the pulse duration, of laser-induced coherent 
superpositions  of electronic quantum states in neighboring lattice sites. The de-
velopment of ferromagnetic correlations during a single fs laser pulse reveals an 
initial quantum coherent regime of magnetism, clearly distinguished from the pre-
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viously studied picosecond lattice-heating regime characterized by phase separa-
tion without laser intensity threshold behavior.  Note that, in the studied material, 
a transition from antiferromagnetic to ferromagnetic ordering cannot be induced 
by increasing the temperature, which excludes laser-induced heating as a possible 
mechanism during the 100fs pulse duration, where the observed magnetic phase 
transition occurs2. Our theory is  based on equations of motion for composite fer-
mion density matrices, which treat the strong  Jahn-Teller, Coulomb,  and  Hund’s 
rule magnetic interactions, as well as the nonlinear coherent fs optical 
photoexcitation. Our results, summarized in Fig. 1, show fs local spin nonlinear 
dynamics and underpin fast quantum spin–flip fluctuations correlated with coher-
ent laser-induced superpositions of electronic states to initiate local ferromagnetic 
correlations via quantum kinetic processes beyond the statistical approach2. 

In the present work, we show fs photoinduced switching from antiferromagnet-
ic to ferromagnetic ordering in Pr0.7Ca0.3MnO3, by observing the establishment, 
within 120 fs, of a huge temperature–dependent magnetization with 
photoexcitation threshold behavior absent in the optical reflectivity (see Fig. 2). 
Our theory is based on equations of motion for the density matrix of composite 
fermion operators that describe the electronic excitations of the strongly correlated 
system, including local self-energy time-dependent effects and quantum spin fluc-
tuations. Our simulations predict, in particular, fs quantum spin flip fluctuations 
correlated with photoexcited coherent superpositions of electronic states to initiate 
local ferromagnetic correlations between neighboring chains that are anti- 
ferromagnetically coupled in the ground state, as shown schematically in Fig.1. 

Figure 1. (a) Schematics of ultrafast excitations of a CE–type AFM/CO/OO order. Mn4+ config-
urations, with empty doubly–degenerate eg orbitals and t2g orbitals filled by three spin–aligned 
electrons, mostly populate the one–dimensional (1D) zig–zag chain corner sites. The 1D chain 

bridge sites are mostly populated by Mn3+ configurations, with an additional eg–orbital electron 
populating alternating orbitals (OO). For classical spins, electron conduction and optical transi-
tions are restricted within the same 1D ferromagnetic chain (white arrow). Quantum spin–flip 

fluctuations, however, allow eg electrons to hop on sites with opposite local t2g spin, by forming 
non–equilibrium total spin eigenstates (red arrow). (b) Calculated photoinduced total spin and in-

ter–atomic coherence (inset) for three Rabi energy values. The laser pulse time–dependence is 
superimposed, demonstrating that FM local correlations transiently build–up from the AFM 

ground state (total spin zero) during the nonlinear photoexcitation. 

 

Femtosecond Laser Pulses Switch Magnetic States … 3



 
 

Figure 2. A three-dimensional view demonstrating the distinct femtosecond spin and charge dy-
namics as well as photo-excitation threshold behavior observed experimentally in Ref. [2]. (a) 
Time-resolved ellipticity change and (b) differential optical reflectivity as function of pump 

fluence. Measurements were taken under the same experimental conditions. A photo-excitation 
threshold is seen for emergence of femtosecond magnetization, whereas the charge dynamics ex-

hibits no threshold. Magnetic field B=0.5T and temperature T=30 K. 
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Investigation of non-thermal process in the 

dynamics of photo-induced FMR in (Ga,Mn)As 

T. Matsuda and H. Munekata 
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4259-J3-15 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan 

Abstract We report experimental results which indicate the contribution of non-

thermal process in photo-induced ferromagnetic resonance (FMR) in (Ga,Mn)As 

excited by weak, fs laser pulses.  

Introduction 

In metallic systems, it has been recognized that randomization of ordered spin sys-

tems by the intense laser irradiation (mJ/cm
2
) is the fundamental process to realize 

ultra-fast magnetic excitation 
[1,2]

. In (Ga,Mn)As, photo-induced FMR (ph-FMR) 

could be triggered by a few J/cm
2
 laser pulse without an external magnetic field 

[3,4]
. There have been two different arguments to account for the basic mechanism: 

the ultra-fast spin randomization (thermal process) 
[4,5]

, and excitation of electronic 

states associated with ordered spins (non-thermal process) 
[3]

. We report here that, 

in the time-resolved magneto-optical (TRMO) measurements for the weak excita-

tion regime ( 10 J/cm
2
), signals due to the ultra-fast randomization have been 

hardly observed, and the onset of ph-FMR strongly depends on excitation wave-

length. These results suggest significant contribution of non-thermal effect. 

Experimental method 

TRMO measurements were carried out at 10 K with one-color pump and probe 

technique. The light source and the sample were a mode-locked Ti:sapphire laser 

(a pulse width of 150 fs with repetition rate 76 MHz) and a 100 nm-thick 

Ga0.98Mn0.02As grown on GaAs(001), respectively. Experimental setup has been 

detailed in Ref.3. The wavelength has been varied in the range  = 750 - 900 nm, 

whereas the polarization plane was fixed at the [010] GaAs axis for both pump 
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and probe beams. The fluence of the probe beam was fixed at 84 nJ/cm
2
, whereas 

that of the pump (P*) was varied between 0.34 J/cm
2
 and 10 J/cm

2
. 

Results and discussion 

Characteristic oscillatory signals due to ph-FMR have been observed for the 

wavelengths of  = 880 nm or shorter. We have found a striking difference con-

cerning the onset of oscillation between the data obtained with  < 820 nm, the re-

gion S, and those with  > 820 nm, the region L. TRMO data obtained with P* = 

1.7 J/cm
2
 are shown in Figs.1(a) and (b). Oscillation starts immediately after the 

excitation in the region L, whereas it is accompanied with noticeable time delay in 

the region S. Note that, in the ultrafast time regime (≦ 2 ps), signals due to ultra-

fast demagnetization have hardly been observed (Fig.1(b)).  

Magnetization dynamics was calculated numerically by solving LLG equation. 

We have added a new delay term into the dynamics of an effective field that was 

developed earlier
 [3]

. Before excitation, the effective field H and the magnetization 

M both lie along the in-plane [100] direction; with certain time delay g after the 

excitation at t = 0 ps, H rotates toward the out-of-plane [001] direction and relax 

back to the [100] direction, with its time constant 1 and 2, respectively. During 

this event, M precesses around H with natural damping. With this scenario, the 

angle (t) of H with respect to the [100] axis was formulated as follows: 

  (t) = erf(t - g) exp(-t/1) {1 – exp(-t/2)} 1 

Here, the delay term is expressed by the error function erf(t) with the retarda-

tion timeg. Our approach has reproduced successfully the experimental data, 

from which g is extracted and summarized in Fig. 2 as a function of excitation 

photon energy and wavelength. Reflecting the instantaneous oscillations, g = 0 in 

the region L. This fact indicates the presence of electronic states which allow di-

 

Fig. 1. Photo-induced FMR in (Ga,Mn)As measured at long time scale (a), and short time 

scale (b). Lines and dots in (b) are experimental and calculated TRMO data, respectively. 

6 T. Matsuda and H. Munekata



rect access to the spin subsystem (Fig.3). In the region S, the g value increases 

with increasing photon energy. This fact suggests that we enter into the region in 

which another states, presumably the states associated with a host semiconductor, 

is first excited, and the excess energy is then transferred to the spin subsystem 

(Fig.3). A dip observed at 790 nm is presumably due to enhanced LO phonon scat-

tering 
[6]

. 

 

 

 

Conclusions 

We have found the presence of two different excitation channels for the photo-

induced ferromagnetic resonance in (Ga,Mn)As. In the region L (820 <   880 

nm), magnetization precession occurs instantaneously with pulsed laser excitation. 

In the region S ( < 820 nm), the precession is accompanied with retardation 

whose retardation time varies with the wavelength.  
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Abstract   a We report on time resolved experiments that provide insight into the 
time scales and the nature of the interactions in ferromagnetic InMnAs and 
InMnSb. Theoretical calculations are performed using an 8 band k p model in-
cluding non-parabolicity, band-mixing, and the interaction of magnetic Mn impu-
rities with itinerant electrons and holes. 

Introduction 

Carrier-induced ferromagnetism in magnetic III-V semiconductors has opened up 
new opportunities for device applications, as well as fundamental studies in mate-
rial systems in which itinerant carriers interact with the localized spins of magnet-
ic impurities. A low temperature MBE technique is nearly always used to prepare 
thin ferromagnetic films, although MOVPE, an alternative technique, allows sin-
gle phase magnetic InMnAs and InMnSb compounds to be deposited at 500° C, 
much higher than that used in MBE. Films with hole densities of 1018 cm-3 can 
have Tc above room temperature [1]. 

In this work, we perform time resolved differential transmission (TRDT) stud-
ies to obtain insight into the dynamics in MOVPE grown ferromagnetic films on 
the picosecond time scale. To understand the effects of ferromagnetic order on the 
electronic structure and subsequent relaxation dynamics, we calculate the electron-
ic structure for bulk InMnAs and InMnSb. By calculating the electronic band 
structure, we can determine where photoexcited carriers are generated by the 
pump pulse and which regions of the electronic structure are sampled by the probe 
pulse. The calculations are based on an 8 band k p model which includes the con-
duction and valence band mixing [2]. We use k = 0 Bloch basis states for the con-
duction bands, heavy-holes, light holes and split-off holes for a total of 8 states in-
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cluding spin. In our model, we include the effects of the spontaneous magnetiza-
tion of the Mn ions and the sp-d coupling of this magnetization to the electrons 
and holes [2]. Figure 1 shows an example of the calculations for ferromagnetic 
InMnSb at 77 K in the absence of an externally applied magnetic field.  

 
Fig. 1. The band structure and the Fermi energies as a function of carrier density for InMnSb at 

77 K as a function of n and p carrier concentrations. The Fermi energy for the undoped semicon-
ductors is indicated by the dotted line. The Curie temperature is taken to be 400 K. 

Experimental Approach 

By probing the dynamical behavior of the nonequilibrium carriers created by in-
tense laser pulses, we gain valuable information about the band structure and dif-
ferent scattering mechanisms. Using TRDT in the MID-IR, we achieved tunability 
of carrier dynamics and relaxation times with characteristics unobtainable in MBE 
grown ferromagnetic structures [2]. The MOVPE grown InMnAs structure is an 
800 nm thick film with a Mn content of 4%, and the InMnSb film is a 200 nm film 
with a Mn content of 3.7%. Both samples, demonstrated Tc above room tempera-
ture. The laser pulses were tuned in NIR and MIR using different sources with 
repetition rates of 1 KHz and pulse durations of ~ 100 fs. 

As shown in Fig. 2 for InMnSb, we observe the sensitivity and tunability of the 
carrier dynamics to the initial excitation. The initial increase in the differential 
transmission is due to free carrier Drude absorption where the fast component of 
the temporal evolution is attributed to the relaxation of hot electrons and the slow-
er component is due to electron-hole recombination. Exploiting the selection rules 
for interband transitions, spin-polarized carriers are created using circularly polar-
ized pump beams. By monitoring the transmission of a weak delayed probe pulse 
that has the same circular polarization (SCP) or opposite circular polarization 
(OCP) as the pump pulse, as shown in Fig. 3, the optical polarization can be ex-
tracted. Figure 3b shows the exponential fit to the SCP-OCP in the TRDT signal 
which gives a spin relaxation time of ~ 6.0 ps, which is much higher than the re-
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ported time scale for other narrow gap ferromagnetic semiconductors. This fact is 
due to much higher hole mobilities in these material systems.  

 
Fig. 2. TRDT a) in a non-degenerate scheme, b) when the pump and probe are the same wave-

length. Both the magnitude of the TRDT and the time scale of the relaxations vary by tuning the 
initial excitation wavelength. 

 

 
Fig. 3. a) Spin Polarized Time Resolved Differential Transmission b) Exponential fit to the SCP-

OCP, to extract the spin relaxation time. 
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Abstract  The magnetization dynamics in semiconductor heterostucutures after 
short laser irradiation is investigated. By using ab-initio and phenomenological 
models, we reproduce the observed ultrafast quenching and Landau precession of 
the total magnetization of the samples. 

Introduction 

Ultrafast spin dynamics in diluted magnetic semiconductors and metallic ferro-
magnetic films is an innovative topic which requires different areas of expertise 
both in analytical methods and numerical simulations. The possibility of testing 
the optical response of a semiconductor and ferromagnetic film by performing 
time-resolved pump-probe experiments opens prospective to probe the many-body 
electron dynamics in confined systems. Ferromagnetism in nanostructures can be 
modified at the femtosecond time scale by employing laser pulses [1].  

In this contribution, we focus on a specific class of nanometric magnetic devic-
es, the Diluted Magnetic Semiconductors (DMS). They are fabricated by doping 
semiconductor heterosctuctures containing quantum wells with a small concentra-
tion of magnetic ions. 

Ultrafast demagnetization and Landau damping  

Various theories concerning the coherent manipulation of magnetization by strong 
off-resonant light have been put forth for III-Mn-V ferromagnetic semiconductors 
and for paramagnetic II-Mn-VI materials. We study the ultrafast demagnetization 
process in a semiconductor quantum well containing a 2D hole gas. The theoreti-
cal model used in our simulations is described in Refs. [2-4]. It is based on a first 
principle many-body approach and the main physically relevant quantities (in par-
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ticular the holes and ions spin densities) are obtained from a Boltzmann-Green hi-
erarchy. The miniband structure of the 2D quantum well is evaluated self-
consistently during the time evolution of the system. Originating by the strong 
spin-orbit interaction present in this kind of wide-gap semiconductors, the hole 
spin relaxation is mainly due to the Elliot-Yafet mechanism. We consider a DMS 
sample composed of a Ga0.925Mn0.075As layer deposited on a GaAs buffer layer 
and a semi-insulating GaAs substrate. The laser pulse excitation is assumed to 
take place at t = 0. Details on the heterosctructure used in the calculations are giv-
en in Ref. [2]. The main results of the simulations are depicted in Fig. 1, where we 

display the behavior of the differential magnetization M defined as  
where  is the total magnetization of the sample and t the time. Our model is 
able to reproduce the initial ultrafast damping of the total magnetization and the 
subsequent motion toward the equilibrium (left panel). The characteristic time tm 
and M are strongly affected by the hole background density and by the sample 
thickness. This is illustrated in Fig. 1 (right panel) where M is depicted as a func-
tion of the hole density nh. 

 

 
Fig. 1. Left panel: time evolution of the differential magnetization M. Layer thickness: 6 nm 

(continuous curve) and 4 nm (dashed curves) for nh =10-3 nm-3. Right panel: M as a function of 
the hole density. 

In what follows, we discuss some results concerning the Landau spin preces-
sion in magnetic semiconductors. We consider a sample composed of a 12 nm 
Zn0.77Cd0.23Se/ZnSe single quantum well, containing a uniform concentration (5%) 
of Mn2+ ions. An external magnetic field B (equal to 0.1 T in our simulations) is 
applied along the confining direction (z axis). At equilibrium, the sample displays 
a net magnetization directed along B. It results from the strong anti-ferromagnetic 
coupling between ions and sp electrons that overcomes the d-d super-exchange in-
teraction between the d-electrons of the magnetic ions. The magnetism is mediated 
by the presence of the particles (in our simulations we consider a hole concentra-
tion equal to nh = 1011 cm-2) trapped in the quantum well. Concerning the set-up of 
the irradiation apparatus, we consider a Voigt geometry, where the direction of the 
light propagation (x-axis) is orthogonal to the magnetic field. At t = 0, a femto-
second circularly polarized optical pulse impacts the device creating a hot quasi-



thermal distribution of spin-polarized particles in the quantum well. Our simula-
tions are based on the theoretical model presented in Ref. [5]. It is a semi-
phenomenological approach derived in the framework of the Landau-Lifshitz-
Bloch theory. 

Figure 1 (left panel) shows the evolution of the longitudinal and out-of-plane 
components of the ions spin. The spin of the confined particle precesses with a pe-
riod of the order of 300 fs, and  relaxes with a characteristic time of around 2 ps. 
Our simulations are in good agreement with the experiments discussed in Ref. [6]. 
Since the spin-flip exchange mechanism between ions and electrons is particularly 
efficient, the Landau relaxation process, mediated by the 2D electron gas, be-
comes the dominant relaxation mechanism of the ions spin. In Fig. 2 (right panel) 
we depict the time evolution of the ion magnetization. The simulation shows that 
after a first high oscillating evolution (during which the electron spin becomes 
aligned with the total mean magnetization via the Landau decay), the magnetiza-
tion start to precess with a period of nearly 50 picoseconds.  

  
Fig. 2. Left panel: Time evolution of the x- (continuous blue curve), y- (dashed green curve) z- 
(dot-dashed red curve) projection of the total polarization of the trapped particles. Right panel: 

Time evolution of the transverse y-component of the ion magnetization. 
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Abstract   We report on the first time measurement, using four-wave mixing, of 
the dephasing time of excitons in a high-quality GaN/Al0.05Ga0.95N quantum 
well. The comparison with the exciton-spin lifetime, determined via pump-probe 
spectroscopy using polarized laser pulses, shows that spin relaxation occurs in the 
motional narrowing regime. 

GaN and related materials, because of their weak spin-orbit coupling and large 
exciton binding energy (~ 17 meV and ~ 26meV in bulk GaN, respectively), are 
promising candidates for spintronic applications that involve the control and ma-
nipulation of the exciton spin in GaN quantum dots, even at high temperature [1]. 
While some previous experimental works have shown that the spin polarization of 
excitons in GaN/AlGaN quantum wells (QWs) lasts for a few picoseconds [2], 
very few data about the dephasing time (T2) in such systems are available. Be-
cause spin relaxation in semiconductors is connected to wave-vector relaxation via 
the spin-orbit interaction, a full understanding of the spin dynamics requires a 
simultaneous measurement of both time constants. 

In the present work, we report on the measurement of the T2 time of excitons 
in a high-quality single wurtzite GaN/Al0.05Ga0.95N QW, grown by metal organ-
ic vapor phase epitaxy, by means of time-resolved four wave-mixing experiments. 

spectroscopy using polarized laser pulses. Both experiments have been performed 
as a function of exciton density and temperature T. 

For T > 80 K, the thermal escape of excitons toward the AlGaN barrier leads to 
a dramatic enhancement of the spin-relaxation rate. On the contrary in the 10 to 80 
K temperature range, the spin-relaxation rate remains constant and independent of 
the dephasing rate that increases linearly with temperature. Moreover, the 
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The exciton-spin lifetime S has also been separately determined via pump-probe 



dephasing rate always remains larger than the spin-relaxation rate in this tempera-
ture range. We then conclude that spin relaxation occurs in the motional narrow-
ing regime: scattering events undergone by the excitons are able to hinder spin re-
laxation up to 80 K beyond which the thermal energy becomes large enough for 
excitons to escape from the QW. Such measurements demonstrate that GaN-based 
heterostructures can reach a degree of control that was previously mostly restrict-
ed to conventional III-V semiconductors and more specifically to the arsenide 
family. Moreover, it opens new ways for manipulating spins and charge carriers in 
nanostructures like polaritonic microcavities. 
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Abstract   The spin transfer and spin-orbit torques can be used for electrically 
driven magnetization dynamics. Here, we report on the experimental observation 
of the optical counterparts of these torques which lead to a sub-picosecond tilt of 
magnetization and, consequently, to the magnetization precession in (Ga,Mn)As.  

The spin transfer torque (STT) is a non-relativistic phenomenon where angular 
momentum of spin polarized carriers electrically injected into a ferromagnet from 
an external polarizer is transferred to the magnetization. This effect has opened a 
new research field of electrically driven magnetization dynamics and plays an im-
portant role in the development of a new generation of memory devices. In the ab-
sence of an external polarizer a distinct phenomenon can occur in which carriers 
in a magnet under applied electric field develop a non-equilibrium spin polariza-
tion due to the relativistic spin-orbit coupling, resulting in a current induced spin-
orbit torque (SOT). Here we show that there exist optical counterparts of STT and 
SOT – optical spin transfer torque (OSTT) [1] and optical spin-orbit torque 
(OSOT) [2], respectively.  

Ferromagnetic semiconductor (Ga,Mn)As is a favorable material for observing 
the optical spin torques because the direct-gap GaAs host allows the generation of 
high density non-equilibrium photo-carriers and the carrier spins interact with fer-
romagnetic moments on Mn via strong exchange coupling. When the ferromagnet-
ic Mn moments are excited, this can be sensitively detected by probe laser pulses 
due to large magneto-optical (MO) signals. We show how the optical torques can 
be identified in the measured time-resolved MO data. Moreover, this MO experi-
ment can be also used for a determination of all micromagnetic parameters [3]. 

Absorption of laser pulse increases locally the sample temperature and, conse-
quently, it changes the magnetic anisotropy that can lead to a precession of mag-
netization – see Fig. 1(b). Therefore, for an experimental identification of the opti-
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cal torques [Fig. 1(a) and (c)] it is necessary to separate their influence from the 
thermally-induced dynamics. In Fig. 2(a) we show the measured MO signal in a 
sample where the thermally-induced dynamics was suppressed by a piezostressor 
[1] – clearly, there is a phase shift of  when the light helicity is changed, which is 
a signature of the angular momentum transfer [1]. In the case of OSOT, the exper-
imental separation from the thermal effect is even more challenging because both 
these effects do not depend on the polarization of pump pulse [2]. To achieve this, 
we used a new technique which enables a 3D magnetization trajectory reconstruc-
tion from the measured MO data without any numerical modeling [4]. In the mag-
netization trajectory OSOT manifests itself as an abrupt tilt of the magnetization 
while the thermally-induced dynamic corresponds to a much slower onset of the 
precession – see Fig. 2(b). In addition, we revealed that OSOT can be separated 
also by a suppression of the thermally-induced easy axis reorientation by a mag-
netic anisotropy control using the external magnetic field or doping by Mn [2].  

The pump-pulse-induced precession of magnetization can be used also for the 
determination of micromagnetic parameters – see Fig. 3 [3]. In particular, the ani-
sotropy fields and Gilbert damping coefficient can be evaluated from the depend-
ence of the precession frequency and the damping rate on the external magnetic 
field, respectively. Moreover, the spin stiffness can be obtained from the mutual 
spacing of the spin-wave resonances in the measured dynamical MO data [3]. 

 
Fig. 1. Illustration of the light-helicity-dependent OSTT [1] (a) and light-polarization-

independent thermal mechanism (b) and OSOT [2] (c). In (a) and (c) the pump pulse induces an 
abrupt out-of-plane tilt of magnetization (M) due to OSTT and OSOT, respectively. In (b) the 
pump-induced temperature increase leads to a slow shift of the sample easy axis (EA).  NPG 

 
Fig. 2. Experimental observation of OSTT (a) and OSOT (b) in (Ga,Mn)As. (a) MO signal in-

duced by + and   circularly polarized pulses (points); lines are calculated MO signals [1]. (b) 
Magnetization trajectory (expressed as a change of the in-plane, , and out-of-plane, , angles) 

obtained directly [4] from the MO data. For excitation intensity 6I0 a slow onset of the thermally-
induced precession dominates while for 12I0 an abrupt tilt of the magnetization due to OSOT al-

so occurs [2]. Excitation at 1.63 eV by  300 fs laser pulses at 15 K; I0 = 7 J.cm-2.  NPG 



 
Fig. 3. Micromagnetic parameters of optimized epilayers of ferromagnetic (Ga,Mn)As deter-

mined from a single set of time-resolved magneto-optical data [3].  NPG 
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Abstract   Laser-induced spin dynamics in (In,Mn)As is studied in magnetic 
fields up to 7 T. It is shown that a laser pulse can effectively excite homogenous 
spin precession in this compound at the frequency of the ferromagnetic resonance. 
Laser excitation of this resonance appears to be very ineffective if the applied 
magnetic field is below 1.5 T. Our analysis shows that the damping of the laser-
induced spin precession is a function of magnetic field and reaches very high val-
ues below 1.5 T. 

Introduction 

Soon after the discovery, very promising experimental results on optical control of 
magnetism in both (In,Mn)As and (Ga,Mn)As was achieved with low-power con-
tinuous wave excitation [1, 2].These observations raised questions about the feasi-
bility to manipulate their intrinsic magnetic properties, such as magnetization and 
magnetic anisotropy, in an ultrafast, i.e. (sub)picosecond way by means of femto-
second laser pulses. To date, the possibility of triggering spin precession by light 
was demonstrated for (Ga,Mn)As in a number of works [3-5]. To the best of our 
knowledge no successful demonstration of ultrafast optical excitation of ferro-
magnetic resonance (FMR) in (In,Mn)As has been reported so far. Here we pre-
sent magneto-optical studies of the laser-induced magnetization dynamics in 
(In,Mn)As and reveal that laser induced FMR effective damping is high and 
strongly depends on magnetic field. 
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Results 

(In,Mn)As is semiconductor sample with a thickness of 15nm grown on a 500 nm 
buffer layer of AlSb0.9As0.1 deposited on a GaAs substrate (001). The band-gap is 
Eg 0.4 eV at low temperatures [6, 7]. The SQUID measurements have confirmed 
the existence of ferromagnetism with a Curie temperature of about TC ≈50 K and 
revealed the presence of uniaxial magnetic anisotropy with the easy-axis along 
[110] in the plane of the sample. (In,Mn)As has p-type conductivity. In 
(In,Mn)As, it is believed that valence-band holes mediate ferromagnetic exchange 
interaction between the spins of Mn2+ ions [8, 9]. For time-resolved magneto-
optical studies we employed 60 fs laser pulses with a repetition rate of 1 kHz and a 
pump-probe technique. The wavelength of the probe was set to 800 nm, while the 
wavelength of the pump was 800 nm, which corresponds to an energy higher than 
that of band-gap.  

Figure 1 shows the dynamics of the magneto-optical Kerr rotation measured at 
different temperatures for pump fluence of 2/25.0 cmmJ  at magnetic fields 0.2T 
and 4T. The laser excitation leads to an ultrafast decrease of the magneto-optical 
signal. Such a dynamics is explained [10] in terms of subpicosecond laser-induced 
demagnetization within 100fs (Fig. 1A). The data also disclose that the pulsed exci-
tation triggers oscillations of the magneto-optical signal (Fig. 1B). It is seen that 
the oscillations are strongly damped and can only be excited in magnetic fields 
higher than 1T. The mechanism of laser induced FMR was checked to be due to 
ultrafast quenching of magnetic anisotropy.  

 

 
Fig. 1. (A) Laser induced dynamics of the magneto-optical Kerr rotation measured at differ-

ent temperatures for a pump fluence of 2/25.0 cmmJ  at B=0.2T and (B) at B=4T. 

It is seen that the amplitude of oscillations decreases with increasing bath tem-
perature and vanishes just above the Curie temperature. The decrease of the ampli-
tude is accompanied by a slight decrease of the frequency from 113 GHz at 1.6 K 
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down to 109 GHz at 75 K. The temperature dependence of oscillations amplitude 
indicate that the observed oscillations originate from optically induced FMR of 
Mn2+ - spins in (In,Mn)As.  

In order to substantiate that the origin of the oscillations is indeed ferromagnet-
ic resonance of Mn2+-spins, measurements in magnetic fields up to 7 T at 10K 
were performed. It was found that effective damping (defined as )1/( f , 
where and f are decay constant of the oscillations and frequency of the oscilla-
tions respectively) is a diminishing function of magnetic field and saturated at a 
magnetic field of 2T.  

We argue that the reason of elevated effective magnetic damping is due to the 
presence of paramagnetic inhomogeneous regions, which enhance two magnon 
scattering [11]. A magnetic field aligns these paramagnetic regions and erases the 
boundaries between those regions, which results in a decreasing effective damping 
with magnetic field. The presence of the paramagnetic contribution even below 
the Curie temperature was confirmed in SQUID and in magneto-optical measure-
ments. 

To conclude, we performed systematic studies of the laser-induced magnetiza-
tion dynamics in (In,Mn)As for temperatures down to 1.6 K and in magnetic fields 
up to 7 T. Laser induced ferromagnetic spin precession was observed and it was 
found that the magnitude of the effective damping of the magnetic oscillations in 
(In,Mn)As is five times larger than that in (Ga,Mn)As. A strong magnetic field 
dependence of the effective damping was discovered, which is attributed to the 
compositional randomness resulting in a presence of paramagnetic regions even 
below the Curie temperature. The latter hamper ultrafast laser excitation of the fer-
romagnetic resonance in this ferromagnetic semiconductor and can explain the ob-
served magnetic field dependence of the effective damping. 
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 Magnetic materials with high magnetic coercivity (Hc), magnetic anisotropy (Ku) 
and low Gilbert damping ( ) are of great importance for future spintronics devic-
es. For instance, for spin-transfer-torque (STT) memory devices low  and high Ku 
are desired. Such a combination of material properties includes a built in contra-
diction since both Ku and  are dependent on the spin-orbit interaction (SO); a 
high Ku material is expected to have a high α. However, recent experimental in-
vestigations of Mn3-xGa, a material exhibiting high Curie temperature (Tc) > 
700 K and (out-of-plane) perpendicular anisotropy, have shown that such a con-
tradictorily low α and high Ku material exists [1]. Depending on Mn-
concentration, Mn3-xGa can form a L10 (x = 1-2) or a D022 (x<1) structure, which 
can be epitaxially grown on ordinary semiconductors such as GaAs or oxides, e.g. 
MgO, at moderate temperatures. Theoretical predictions [2] together with experi-
mental results [3], of low  = 0.0003 (0.001), high perpendicular anisotropy Ku = 
26 (20) Merg/cm3, moderate saturation magnetization (Ms) of 845 (305) emu/cm3 
and high spin polarization of 71% (88%) in L10 (D022) materials make Mn3-xGa an 
excellent candidate for future spintronic applications. 

Epitaxial films of Mn3-xGa (x = 0-2) have been grown with molecular beam 
epitaxy (MBE) on GaAs substrates with a growth temperature of 150° C. The 
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growth was monitored with a reflection high-energy electron diffraction (RHEED) 
system and a short (5 minute) post growth annealing was performed at 250° C. 
The structural properties of the films have been investigated with x-ray diffraction, 
while the magnetic properties were investigated with SQUID and VSM 
magnetometry as well as time-resolved magneto-optical Kerr effect (TRMOKE) 
in a conventional all-optical pump-probe set-up. The latter allowed time-resolved 
measurements of the magnetization dynamics as a function of the pump fluence 
(F0) and magnetic field (H) strength. 

Our structural measurements confirm the epitaxial film structure and that the 
nominal Mn-concentrations were reached. The magnetic measurements show that 
all films exhibit high Tc > 700 K and an order of magnitude variation of Ms (42 – 
440 emu/cm3) as well as an anisotropy field (Ha) from 40 to ~100 kOe as x 
changed from 0 to 2. Because of the high Ha values and limitations of the used 
equipment (unable to reach saturation in the magnetic hard axis direction) Ha had 
to be estimated at times and Ku was evaluated with the relationship: 

  1 

yielding values between 0.85 and 21 Merg/cm3. 
Strong influence of the Mn concentration and optical pump beam parameters 

on the magnetization dynamics was found in the studied samples. The TRMOKE 
results display characteristic behavior for pump-probe measurements [4] with an 
ultrafast demagnetization in the first few hundreds of femtoseconds followed by a 
slow (sub-nanosecond) recovery. The oscillatory dynamics of the transient MOKE 
signal was proven to be of magnetic nature and corresponds to the uniform preces-
sion of the magnetization vector around its new equilibrium with a frequency up 
to 200 GHz. We observe and analyze the dependence of frequency, amplitude and 
damping of the oscillations on Fp as well as H. From fits of the experimental data 
the spin precession frequency and lifetime can be obtained and together with the 
expressions derived from the Landau–Lifshitz–Gilbert equation values for  were 
extracted. 

Hence, we demonstrate the evolvement of  and Ku with changes in Mn con-
centration over the ferro-/ferrimagnetic phase transition. The results will deepen 
the understanding of the role of SO interaction on Ku and  in Mn3-xGa and give 
valuable insights in designing materials with desired properties. 



 
Fig. 1. Results from TRMOKE studies on a MnGa (x = 2) sample with H = 10.2 kOe at an angle 
of 78° with respect to the normal of the sample plane and different pump fluences. Open symbols 
give the experimental results while the solid lines are fits to the experimental results using an ex-

ponentially damped sine function. 
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Abstract: A dynamical model for Elliott-Yafet type scattering of carriers and its 
importance for the demagnetization dynamics after ultrafast optical excitation is 
reviewed. It is pointed out that the demagnetization in 3d ferromagnets as well as 
recent experimental results on “novel” materials are still in need of a microscopic 
explanation. 

Introduction 

Ultrafast demagnetization dynamics in itinerant ferromagnets has been well estab-
lished, and explained phenomenologically on the basis of a three-temperature 
model. More recently, demagnetization has been observed in half-metallic 
ferromagnets, and there is an enormous current interest in the optically induced 
magnetization dynamics of systems with different sublattices and magnetic alloys. 

There are a number of different theoretical ideas as well as specific models that 
are contenders for such a microscopic explanation. Different approaches typically 
treat one aspect of the problem particularly well: coherent dynamics during during 
the exitation pulse, elementary magnetic excitations, spin-flip scattering transi-
tions, and transport [1-5]. 

In the following, we will concentrate on the dynamical description of spin-flip 
scattering transitions, i.e., the dynamical Elliott-Yafet mechanism [3,4]. A treat-
ment beased on dynamical distribution functions is valid even at ultrashort time-
scales and away from quasi-equilibrium. In the Elliott-Yafet mechanism, the spin 
expectation value of the carriers is changed by scattering transitions due to a spin-
diagonal interaction mechanism, such as the carrier-carrier Coulomb or the carri-
er-phonon interaction. The spin-orbit coupling is responsible for the spin-mixed 
character of the single-particle states, which act as the initial and final states for 
scattering transitions. Here, we focus on carrier dynamics in Heusler alloys. 
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Dynamical carrier scattering in Heusler compounds 

A dynamical model for the numerical calculation of the band and momentum re-
solved distribution carrier distribution functions  has been described in 
Ref. [2] and applied to half-metallic Heusler compounds of the Co2Mn1-xFexSi ma-
terial system [6]. The model describes carrier-carrier Coulomb scattering at the 
level of Boltzmann scattering integrals, includes a simplified spherically symmet-
ric band structure and a constant spin-mixing parameter. It is therefore well suited 
to compare the influence of different band structures on the spin-dependent carrier 
scattering after ultrafast excitation. In Ref. [6], it was found that a fast demagneti-
zation is possible by spin-flip transitions after optical excitation, but these transi-
tions follow different scattering pathways for Co2FeSi (CFS) and Co2MnSi (CMS) 
because of the different line-ups of the minority band-gap with the Fermi energy. 
In particular, it was found that hole scattering dynamics plays an important role, 
which makes the line-up of the minority band less important a difference between 
the two compounds than one would anticipate.  

For Heusler alloys, sample quality may be an issue, and the interpretation of 
magneto-optical measurements of the magnetization dynamics is made more com-
plicated by the possible existence of defects [7]. Müller et al. [7] discussed the fast 
magnetization dynamics in the case of CMS with regard to possible Co antisite de-
fect states (DO3-disorder, Co on Mn positions) close to the Fermi level. These de-
fect states were predicted for CMS by ab-initio calculations [8].  

Here we analyze the influence of defects on the magnetization dynamics in 
CMS in the framework of our dynamical calculation of carrier distribution func-
tions. To this end, we introduce in the calculation the presence of defects by add-
ing a defect band with a flat dispersion 150 meV below the Fermi energy, similar 
to Ref. [9]. 

Figure 1 (left panel) shows the magnetization dynamics for CMS without de-
fects, as well as two different defect concentrations. The case of 100% Co antisites 
is only presented to elucidate trends of the model because at this defect concentra-
tion the overall band structure should be changed considerably. For both cases 
with defects we obtain a more pronounced quenching and a faster demagnetization 
by up to a factor of two. The reason for this change in dynamics can be traced 
back to the minority band line-up in the right panel of Fig. 2. The dynamical cal-
culations show an increase of occupation of the minority band 5 by about 1/3 in 
the band structure with defects compared to the defect-free case after optical exci-
tation. The excited carriers subsequently flip their spin and contribute to the de-
magnetization. This increase of occupation in band 5 can be explained only if the 
defect band serves as an intermediate state for two-photon pumping into the mi-
nority band 5 from lower lying minority bands. A few such multi-photon path-
ways are added as green arrows in Fig. 1.  

The present model calculation shows that already a small concentration of im-
purities may increase the quenching and speed up the demagnetization dynamics  



 

 
Fig. 1. Computed demagnetization dynamics for the Heusler compound (left) and dispersion of 

selected bands including transitions driven by the optical excitation. The vertical band (solid 
line) close to zero energy is the defect band, single (red) arrows indicate minority-spin transitions 
without defects, multiple stacked (green) arrows indicate new transitions due to the defect band. 

due to a higher number of minority carrier states below the Fermi energy, if the 
impurities form a continuous band close to an unoccupied band above the Fermi 
level. 
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Abstract   Combining femtosecond transmission measurements with picosecond 
time-resolved photo-emission electron microscopy, both using x-ray magnetic 
circular dichroism, new insights into the all-optical magnetization switching 
mechanism in GdFe based rare-earth transition metal ferrimagnetic alloys is 
provided, with emphasis on the role played by the magnetization compensation 
temperature TM of the alloy. 

Introduction 

Understanding ultrafast all-optical magnetization switching (AOS), i.e. the 
permanent reversal of the magnetization by the sole action of a femtosecond laser 
pulse in the absence of any applied magnetic field, is a challenging issue that 
could have tremendous impact for the magnetic recording industry. While a 
qualitative agreement between spin atomistic simulations and experiments exists 
[1], the exact role played by the magnetization compensation point TM in the 
ultrafast demagnetization [2] and switching [3] in ferrimagnetic rare-earth 
transition-metal alloys is still not completely clear.
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Results 

By combining femtosecond X-ray transmission measurements with picosecond 
time-resolved photo-emission electron microscopy (PEEM), both using X-ray 
magnetic circular dichroism, we report on new insights into the AOS mechanism 
in GdFe based ferrimagnetic alloys. In agreement with previous experiments and 
theoretical predictions, AOS is seen below and above TM, and in particular against 
a 0.18 T magnetic field. However, at temperatures far from TM, no AOS is 
observable. Collapse of the reversed domain could be ruled out using time-
resolved XMCD PEEM imaging. Static imaging of the magnetic domain 
configuration after AOS reveals that no domain wall (DW) motion occurs within 
the 100 nm spatial resolution, ruling out a nucleation and growth switching 
mechanism favored by the DW velocity divergence at TM. Furthermore, 
investigation of the formation speed of the transient ferromagnetic-like state as a 
function of TM shows very pronounced variations. These results provide evidence 
that the TM is somehow a more important condition for the formation of the 
transient ferromagnetic-like state [4] and the occurrence of AOS than initially 
thought. 
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Abstract Femtosecond laser excitation of thin magnetic films consisting of multi-
ple magnetic sublattices triggers ultrafast spin dynamics and even magnetization 
reversal driven by the exchange interaction between the sublattices. To explore 
these intriguing phenomena requires element specific studies.We demonstrate that 
element specific probing of ultrafast spin dynamics can also be realized with visi-
ble light and does not require sophisticated X-ray facilities.  

A challenging and intriguing topic in today's condensed matter physics is the non-
equilibrium spin dynamics on sub-ps timescales.  Spin dynamics is understood 
very well at timescales of magnetic resonances (GHz), during which the alignment 
of spins is defined by the exchange interaction, i.e., the strongest force in mag-
netism. On the other hand, little is known about their coupling when magnetic 
sublattices are almost instantaneously brought out of equilibrium with, for exam-
ple, an optical laser pulse with a duration that corresponds to the exchange interac-
tion, i.e., 10-100 fs. In this regime of non-adiabatic spin-dynamics, novel and 
counter-intuitive phenomena can emerge [1,2].  

In order to track the magnetic response of each sublattice individually, an ele-
ment-specific probe is necessary. For this purpose, photons in the soft x-ray re-
gime are used [1-3]. Techniques utilizing high energy photons however, have im-
portant limitations. There are only very few femtosecond x-ray or High-Harmonic 
Generation facilities in the world, strongly limiting the amount of experiments 
which can be performed. As a consequence, only a few element specific studies 
are reported until now. 

We demonstrate that element-specific probing of ultrafast spin dynamics can 
also be realized in the visible spectral range and does not require sophisticated 
high photon-energy facilities. We present the requirements a magnetic material 
should meet to make such an optical study feasible, and use a TbFe-alloy as our 
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model sample. We demonstrate that in this material one can study the dynamics of 
the Tb- and Fe-spins individually, by choosing the wavelength of light above and 
below 600 nm, respectively, as presented in Fig. 1. This creates a vista of opportu-
nities for the investigation of ultrafast element-specific magnetization dynamics. 
For instance, one can easily extend the conclusions of this work to other optical 
probes making, for instance, magneto-optical imaging or Raman scattering on 
magnons element specific. 
 

Fig. 1.Ultrafast sublattice magnetization dynamics of TbFe at λFe = 800 nm and λTb = 500 nm, 
corresponding to dominantly the Fe and Tb sublattices, respectively. A long lasting ferromagnet-

ic state is excited, with a fluence of F = 8 mJ/cm2[4]. 
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Abstract   We make a step towards the understanding of spin dynamics induced 
by spin-polarized hot carriers in metals. Exciting the Fe layer of Au/Fe/MgO(001) 
structures with femtosecond laser pulses, we demonstrate the ultrafast spin 
transport from Fe into Au using time-resolved MOKE and mSHG for depth-
sensitive detection of the transient magnetization. 

Ultrafast spin dynamics is the key for development of data storage and spintronics 
devices. Modern all-optical techniques provide ultimate time resolution of sub-10 
fs for the related studies. However, recent findings on laser-induced magnetization 
dynamics [1] still challenge the understanding of ultrafast magnetism. With this 
contribution, we make a step towards the understanding of ultrafast spin dynamics 
in metallic multi-layers, which is (i) spatially non-uniform due to interfaces and 
strong absorption of the pump pulse and (ii) non-local due to highly mobile hot 
carriers (HC) that are spin-polarized if excited in a ferromagnet.  

The transient magnetization M was monitored by the magneto-optical Kerr ef-
fect (MOKE) and magneto-induced second harmonic (SH) generation (mSHG) us-
ing the 800 nm, 14 fs output of a cavity-dumped Ti:sapphire oscillator. The SH in-
tensity I2 (M,t)  |Eeven+Eodd|2, where t is the pump-probe delay, Eeven(t) is inde-
pendent of M and Eodd(t)  M(t). The interface spin dynamics is analyzed by 

odd(t)  Eodd(t)/Eodd(t0) 1 M(t)/M0 1 defined from I2 ( M,t) and I2 ( M0,t0); t0 
represents the absence of excitation [2]. The bulk M is probed by MR, ML  

(t)/ 0 1  M(t)/M0 1, where  is the MOKE rotation (MR) or ellipticity (ME). 
The results obtained in epitaxial Au/Fe/MgO(001) [3] serving as a model system, 
show pronounced dependence of MR and odd on the Fe thickness dFe (Fig.1 a, b). 
This is explained by an increase of the Fe/Au interface contribution with reducing 
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dFe due to absorption (at 800 nm the light penetration depth in Fe 20 nm), 
which is corroborated by the transient reflectivity and Eeven(t) (not shown). 

 

Fig. 1.  A Pump-induced variations of (a) MOKE rotation and ellipticity, and (b) odd SH field 
Eodd measured in the longitudinal, p-probe and transversal, p-P (inset) geometries, respectively. 
Experiments were performed for p-polarized pump with the fluence on the order of 1 mJ/cm2 in 
Au/Fe/MgO(001) bi-layers with layer thicknesses dAu=60 nm and dFe=25 and 15 nm, as indicat-
ed. (c) Average spin-dependent transmission probability of the Fe/Au interface per available sin-
gle-electron channel in Fe, calculated from first principles with the Smeagol code [4]. (d) Calcu-

lated density of hot carriers [3] excited in Fe by 1.5 eV photons; peak positions are marked in 
Panel (c) by vertical lines. (e) Variations of the magnetization M after the excitation for 15 and 
25 nm Fe films in contact with bulk Au; the model accounts only for the ballistic transport; cal-

culations are based on the data from Panels (c) and (d), and Table 1. 

The complete description of the observed transients requires an advanced mod-
el like that one developed for the superdiffusive HC transport in Ni on Al [5]. 
Here we focus on the fastest (within our 20 fs resolution) timescale of the MR and 

odd break-down (Fig.1 a, b) and model the ballistic HC transport. The related HC 
parameters are summarized in Table 1 and Fig. 1 c, d. Owing to the largest Fe, 
smallest Au, and largest transmission of Fe/Au interface (Fig. 1 c), majority elec-
trons e  dominate the ballistic spin transport. After the ballistic regime has passed 
at delays t >10 fs, i.e. t > Fe (see Table 1), M is reduced in Fe and increased in Au 
near the Fe/Au interface (Fig. 1 e). To explain the different behavior of MR(t) and 

ME(t) (Fig. 1 a) with this model, we make following assumptions: (i) Owing to 
the large spin-orbit coupling, the transiently magnetized Au provides a MOKE re-
sponse. (ii) Since at 1.5 eV photon energy Au has high reflectivity but low absorp-
tion (|Re |>>|Im |), it contributes much stronger to MR (defined by Re ) than to 
ME (defined by Im ). (iii) The Au contribution to MR has opposite sign with re-
spect to the Fe one, which can be explained by a non-resonant character of the Au 
optical response (in contrast to the resonant case of Fe). This together with 

M(t >0) (Fig. 1 e) explains the strong break-down of MR, which increases with 



reducing dFe. Due to similar reasons the reduction of M at the Fe side of the Fe/Au 
interface and the build-up of M at the Au side after the excitation (Fig. 1 e) leads 
to strong break-down of odd (Fig. 1 b), which increases with reducing dFe. This 
effect however is more pronounced than the break-down of MR due to the inter-
face sensitivity of mSHG. The following dynamics is driven by the superdiffusive 
HC transport [5] and broadens the M distribution across the Fe film and the 
Fe/Au interface, which leads to the recovery of odd and MR and further reduction 
of ME. 

In conclusion, we have demonstrated the ultrafast spin transport across the 
(buried) Fe/Au interface and shown that the combination of time-resolved MOKE 
and mSHG is a powerful tool to study the non-local spin dynamics in metals. 

Table 1. Calculated [3] ballistic velocities of the excited HC in Fe and Au, vFe and vAu, lifetimes 
Fe and Au estimated from Refs. [6], and resulting ballistic propagation lengths Fe and Au. 

HC vFe (nm/fs) Fe (fs) Fe (nm) vAu (nm/fs) Au (fs) Au (nm) 
e  
h  
e  
h  

0.43 
0.08 
0.30 
0.21 

  8 
~8 
  2 
~2 

  3.4 
~0.6 
  0.6 
~0.4 

0.95 
0.77 
1.17 
0.94 

15 
200 
40 
80 

14 
154 
47 
75 
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Abstract   Here we consider the mechanism responsible for the ultrafast heat-
induced switching of the magnetization in ferrimagnetic rare-earth – transition 
metal films. This switching is found to follow a counterintuitive pathway via a fer-
romagnetic, which crucially depends on the angular momentum balance of the two 
opposite sublattices. 

Many peculiarities of magnetization dynamics are related to the fact that a cer-
tain amount of angular momentum is associated with magnetic moments. In fact, 
the dynamics of the magnetic moments is described by a mechanical relation be-
tween the change of angular momentum and the torque applied to the system, ex-
pressed as the Landau-Lifshitz equation. The law of the conservation of angular 
momentum is therefore an important issue to be considered when sudden changes 
of the magnetization are applied, such as under the influence of an ultrashort laser 
pulse [1].  

While the basic possibilities for direct laser manipulation of magnetization 
have been indicated a long time ago, only recently was it possible to apply such 
control in magnetically ordered materials [2,3]. 

The question was immediately triggered whether one could use the same mech-
anism for practical switching of the magnetization in e.g. recording media. A 
seemingly straightforward answer came very soon afterwards, with a direct 
demonstration of all-optical light helicity-dependent magnetic recording in thin 
films of metallic GdFeCo alloys [4]. In spite of the fact that the switching was 
clearly reproducible and robust, the exact process and mechanism of it remained 
elusive for a long time. The most obvious explanation via the inverse Faraday ef-
fect could only very qualitatively account for the observed features.  

Single-shot time-resolved magnetic imaging revealed more details of the pro-
cess, demonstrating that the switching occurs via a strong non-equilibrium state 
[5], which could not be described with the usual macrospin-like approach, and re-
quired the use of atomistic level spin dynamics calculations. Such calculations, 
though in a qualitative agreement with most of the observed features [6], failed to 
explain some essential points quantitatively. For example, the pulse width required 
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to reverse the magnetization was calculated to be at least 250 fs under the most fa-
vorable conditions, while experimentally, pulses as short as 40 fs were used. Opti-
cal coherence was invoked, though it seemed very unlikely that it would last over 
100 fs.  

The solution to the problem was found in the multi-sublattice nature of the 
samples. XMCD experiments showed that the until now used single-component 
approach is invalid for these ferrimagnetic alloys. By using element resolved 
femtosecond visible–x-ray pump–probe experiments it has been demonstrated that 
the RE and TM sublattices may have very different dynamics, to the point that the 
FeCo sublattice reverses before that of Gd, creating a transient ferromagnetic state 
[7]. This state was directly reproduced with atomistic simulations, even though all 
exchange constants were assumed  to be unchanged by the laser pulse, and only 
ultrafast heating was taken into account. Most intriguingly, this transient state was 
shown to be followed by a reversal of the second sublattice without any additional 
stimulus or external reference (magnetic field), in that way creating a fully 
switched magnetic domain [8]. This very unusual process, that actually happens 
against the very strong exchange interaction that couples the sublattices, was 
shown to be polarization-independent, thus ruling out the opto-magnetic interac-
tion such as the inverse Faraday effect or anything equivalent, as the driving 
mechanism. What was it then? 

It appeared that the transient state is due to two reasons: (i) considerably differ-
ent demagnetization times of the RE and TM sublattices, and (ii) angular-
momentum conservation and its transfer between the sublattices. First of all, it is 
the very different magnetic origin of the two sublattices that leads to considerably 
different demagnetization rates at the time scale of the first few hundreds of 
femtoseconds [9]. At this time scale, the sublattices are effectively decoupled be-
cause the electronic bath temperature exceeds TC by far. Later, when the electrons 
cool down, the angular-momentum transfer to the hot electron bath reduces, and 
the exchange coupling becomes effective again, preserving the total angular mo-
mentum of the two sublattices. The conservation of the angular momentum thus 
first pushes the TM sublattice through zero, to help further demagnetization of the 
RE system, as the latter has not yet achieved a thermal equilibrium with the envi-
ronment because of its slow demagnetisation. Then, on the longer time scale, the 
RE sublattice is restored back in the direction against the TM one, to save the ex-
change energy. This latter process is not angular-momentum conserving. Howev-
er, it happens much more slowly, on a time scale of several picoseconds, and the 
conservation is much less strict then. Thus, each laser pulse with an intensity 
above a certain threshold results in magnetic switching [8]. 

What is the origin of the helicity dependence in the all-optical switching? A 
careful study [10] showed that it is the helicity-dependent absorption in the RE–
TM magnetic layer, caused by the circular magnetic dichroism, that exactly 
matches the helicity-dependent intensity window as observed in switching exper-
iments [6]. It happened that also multiple pulse effects, such as observed in the 
original work [4], could also be explained by the dichroism effects [10]. Thus, the 



effect is purely thermal and only depends on the total amount of energy absorbed 
in the sample.  

To summarize, though originally this research was triggered by the observation 
of the inverse Faraday effect in magnetically ordered media [2,3], the all-optical 
switching of the magnetization in RE–TM alloys was found to be due to a com-
pletely different effect: a combination of ultrafast laser-induced demagnetization 
with the angular-momentum conservation on a sub-picosecond time scale. In this 
new mechanism, the helicity happened to play a secondary role, via the dichroism-
induced difference in absorption. Therefore, the research leading to this conclu-
sion provided us with invaluable information about the behavior of magnets away 
from their thermodynamic equilibrium. 
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Abstract   The magneto-optical response of Fe and CrO2 epitaxial films has been 
investigated by pump-probe polarimetry, showing that charge and spin dynamics 
can be unambiguously disentangled. Both diagonal and off-diagonal terms of the 
dielectric tensor can be retrieved, providing the complete dynamical characteriza-
tion of magnetic and optical properties in a ferromagnet. 

Introduction 

Time-resolved magneto-optical Kerr effect (TR-MOKE) is a well-established 
technique to investigate the spin dynamics in ferromagnetic layers. Thanks to the 
pump-probe method, the technique can easily achieve time resolution of a few 
tens of femtosecond [1], making it a unique tool to explore ultrafast spin dynam-
ics. The magnetic information is extracted from the so-called Kerr angle 

 = i  a complex quantity that incorporates the light polarization rotation, , 
and ellipticity, , both related to the magnetic state of the sample. A long-lasting 
controversy is whether optical contributions alter the measurement and to what ex-
tent the technique is reliable in deriving the true spin dynamics in ferromagnets [2-
4]. Here, we present a detailed analysis of the TR-MOKE signals on two repre-
sentative cases of ferromagnetic samples showing that genuine magnetic infor-
mation can be disentangled from non-magnetic one.  
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Results and Discussion 

We have investigated the optically-induced spin dynamics in Fe(001) and CrO2 
(100) epitaxial layers using films with thickness (100 nm and 300 nm, respective-
ly) larger than the optical penetration depth in order to avoid artifacts due to light 
reflection at the film-substrate interface. Transient reflectivity, Kerr ellipticity and 
rotation have been measured for p and s polarizations of the probing beam using 
an amplified Ti:sapphire laser system and the standard pump-probe method. Fig. 1 
reports the magneto-optical measurements on CrO2: panel (a) shows the time-
resolved Kerr rotations ( s and p) and ellipticities ( s and p) as a function of 
pump-probe delay; panel (b) shows the normalized Kerr angles (| s| and | p|). It 
should be noticed how the dynamics of rotation and ellipticity differ from each 
other (especially at zero delay), raising a fundamental question: which one truly 
describe the spin dynamics? On the other hand, the normalized moduli (| s| and 
| p|) are very similar to each other (it can be proven that the ratio | s|/ 
| p|= , with  being the transient reflectivities and <1.06 in our 
experiment, see Ref. [5]). 

 
Fig. 1. A (a): time-resolved Kerr rotations ( s and p) and ellipticities ( s and p) of CrO2 vs. 

pump-probe delay. (b): normalized Kerr angle (| s| and | p|). (c) and (d): dynamics of refractive 
index N = n + ik and off-diagonal parts xy xy+ i xy of the dielectric tensor. (e): comparison 

between extracted and measured | p|. 

According to the analytical expressions [5,6] the Kerr angles s,p can be written 
as the product f(N)s,p× xy and consequently | s,p|=|f(N)s,p| × | xy| ( xy is the off-
diagonal element of the dielectric tensor carrying all the magnetic information, 
f(N) is a complex function of the refractive index N which reflects the charge dy-
namics). This expression clearly reveals that the Kerr angle might be affected by 
charge evolution, i.e. f(N). In fact, the steep change of | s,p| at zero delay is at-
tributed to the dynamics of photo-excited hot carriers, while the subsequent dy-
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namics is determined by the spin evolution. In order to provide a quantitative 
proof, we have used the four measured rotations and ellipticities curves shown in 
Fig. 1(a) to retrieve the dynamics of the refractive index and off-diagonal elements 
of the dielectric tensor (N = n+ik and xy ’xy+ i ”xy, respectively). By employ-
ing a numerical procedure to invert the analytical formulas connecting s, p, s, p 
to N and xy we have unambiguously deduced the four quantities n, k  xy and 

xy. The results are reported in Fig. 1 (c)-(d). Both n and k show a steep change 
across zero pump-probe delay and a rather flat temporal evolution afterward [7]. A 
similar behavior is expected for f(N). The off-diagonal dielectric element displays 
a prompt variation with the pump arrival, but its modulus | xy| smoothly changes at 
zero pump-probe delay and therefore it is not significantly affected by charge car-
riers. Thus, its dynamics is dominated by the spins (i.e. the magnetization). Fig. 1 
(e) reports the evolution of |f(N)| and | xy| as extracted from inversion procedure. 
Notice the steep change of |f(N)| at zero delay and the flat dynamics afterwards. 
Besides, the quantity |f(N)|×| xy| excellently match the experimental Kerr angle | |, 
providing proof that the prompt variation of the Kerr angle at zero pump-probe de-
lay is determined by charge dynamics (i.e. |f(N)|), while the subsequent evolution 
genuinely represents the magnetization. 

Conclusions 

In conclusion, we have proven that only a detailed magneto-optical analysis clari-
fies to what extent the TR-MOKE technique can reliably reveal spin dynamics. 
Our experiment shows that exhaustive magneto-optical information is accom-
plished only by measuring both real and imaginary parts of the complex Kerr sig-
nal. This allows one to retrieve the complete dynamical characterization of spin 
and charges in a ferromagnet, unambiguously disentangling their evolutions after 
an intense optical excitation.  
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Abstract   We studied magnetization dynamics in the amorphous light rare earth-
transition metal compound NdFeCo. We report a two step demagnetization pro-
cess. Furthermore, an unusual overshooting behaviour is observed that can be 
linked to the particular magnetic structure of the sample.  

Introduction 

Rare earth-transition metal (RE-TM) alloys provide a wide playground for inves-
tigating magnetization dynamics at ultrafast timescales. Recently, a number of 
fascinating results have been reported for GdFeCo alloys with an anti-parallel 
alignment of the two spin subsystems [1]. However, current research is mainly fo-
cused on ferrimagnetic heavy rare RE-TM compounds. From a fundamental point 
of view, magnetization dynamics in the light RE-TM compound NdFeCo is of in-
terest because of an unusually complex configuration of the magnetic moments of 
the Nd and FeCo magnetic sublattices. 

Although the spins of both TM elements and Nd couple antiferromagnetically, 
the system is ferromagnetic due to the large orbital moment of Nd that dominates 
the RE magnetization [2].  

Two-Step Demagnetization 

Nd30Fe60Co10 amorphous thin films were studied by means of a time-resolved 
pump-probe technique exploiting the magneto optical Kerr effect. Magnetization 
dynamics were investigated as a function of temperature, pump fluence and ap-
plied magnetic field. 
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Fig. 1.  Laser induced dynamics of the magneto-optical signal measured at different fluences. 

 At room temperature we observe two demagnetization regimes, an ultrafast 
demagnetization (< 1ps) followed by a slower demagnetization (~ 30 ps) of lower 
amplitude (fig.1). This second demagnetization step takes up to tens of picose-
conds depending on the sample temperature and the pump fluence. Increasing 
temperature or pump fluence will increase the demagnetization time of this slower 
process whereas it completely disappears for low temperatures and low fluences.  

Similar behavior has been observed in pure TM at high fluences by Koopmans 
et al. [3] and in RE-TM such as TbFe [4] GdFeCo [5]. Mekonnen et al. showed 
that within a 4-temperature model this behaviour can be explained by the contribu-
tion of the RE magnetic sublattice which is known to display slower magnetiza-
tion dynamics than the TM [6]. 

Overshooting Signal 

 Another interesting signature appears for certain measurement conditions 
(fig.2). After the ultrafast demagnetization, the magnetization signal sharply in-
creases up to a value above the initial saturation magnetization. It then slowly re-
laxes back to the initial value. This overshooting behavior strongly depends on 
applied field, pump fluence and temperature. Increasing the field will decrease the 
overshooting amplitude and eventually suppress it. Increasing temperature or 
fluence will shift the maximum towards longer delay times and eventually also 
suppress the overshooting. 

Only measurements at fields comparable to the anisotropy field - which in-
creases with decreasing temperature [7] - seem to show this overshooting behav-
ior, hinting towards a link between the two. Interestingly, the anisotropy in this 
amorphous sample has a profound effect on the magnetic structure. Random local 
ion anisotropy prevents a completely co-linear alignment of the magnetic mo-
ments of the rare-earth and transition metal elements [7]. Both magnetic 

Laser-Induced Spin Dynamics in amorphous NdFeCo 45



sublattices show a fan-like distribution of magnetic moments, the FeCo sublattice 
having a much narrower cone opening than the Nd sublattice. 

Fig. 2. Laser induced dynamics of the magneto-optical signal at different magnetic fields. 
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Abstract A new method is proposed to study the ultrafast spin change in the crys-
tal-momentum space. Our first-principles results reveal the hot spin spots in the 
first Brillouin zone of bcc Fe. This can be tested experimentally.  

Introduction 

Since ultrafast quenching magnetization induced by a femtosecond laser pulse was 
first reported in 1996 [1], lots of studies [2-4] have been devoted to its underlying 
magnetization mechanism. However, up to now no consensus has been reached. 
One of the main reasons is that such ultrafast process involves various interactions 
among photons, phonons and magnons. It is convenient to describe these excita-
tions in the momentum space. Therefore, an access to the dynamics of crystal-
momentum-dependent ultrafast spin change will provide new information about 
the origin of femtosecond magnetism (femtomagnetism) at the microscopic level.  

Very recently, a study of spin-orbit hybridization points in fcc Co has been re-
ported [5], where a magnetic linear dichroism (MLD) combined with two-photon 
photoemission (2PPE) was used to measure those points along a few selected crys-
tal moment lines. This is a major step in femtomagnetism as it demonstrates a po-
tential means to detect the spin-flip scattering events. However, these hybridiza-
tion points do not reflect the spin moment change in a sample. This is because 
experiments measure the spin polarization of those ejected electrons not those 
electrons in the sample, while one is interested in the spin moment change of those 
electrons left behind. Thus, we suggested a new method, i.e., optical spin genera-
tor, to detect the spin moment change in the momentum space, where those spin 
moment changes are identified and thus labeled as hot spin spots [6].  
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Theoretical algorithm and results 

Our theory is based on the density functional theory and the dynamical 
Liouville equation. While the detailed computational descriptions can be found 
elsewhere [7], here in brief we first self-consistently solve the Kohn-Sham equa-
tion to find eigenstates of a system, and then numerically solve the Liouville equa-
tion. For bcc Fe, the initial spin moment is 2.173 B under the optimized lattice 
constant of 2.834 Å [8].  We compute the crystal-momentum-resolved spin mo-
ment change, where the hot spin spots are identified in several planes within the 
first Brillouin zone (BZ).  

Our proposed demagnetization mechanism is schematically shown in the inset 
of Fig. 1(a). As a femtosecond laser pulse irradiates upon bcc Fe, the demagnetiza-
tion starts (see Fig. 1(a)). Fig. 1(a) shows that the spin moment first decreases 
sharply and then reaches its minimum value at ~24 fs. This relaxation time is larg-
er than that of ~11 fs in fcc Ni [7]. After the maximum demagnetization, the spin 
moment recovers slightly and oscillates around an equilibrium value. This is a typ-
ical feature of spin dynamics on a femtosecond timescale. However, much infor-
mation about the magnetization is missing. In order to obtain more insight into its 
physical origin, we disperse the ultrafast spin moment change in the momentum 
space, as below.  

 

Fig. 1. (a) Time evolution of the spin moment for bcc Fe. The laser’s parameters are taken as fol-
lows: laser amplitude A0 = 0.05 V/Å, laser pulse duration  = 12 fs, and optimum photon energy 

 eV. Inset: our proposed mechanism of demagnetization in femtomagnetism. (b) The 
first BZ for the bcc lattice, where high symmetry points and lines are displayed. (c) Time-

averaged spin change dispersed in the Γ-H-P, Γ-H-N, and Γ-P-N planes. The white curves denote 
the Fermi surfaces. 

Crystal-momentum-dependent ultrafast spin moment change  is defined as 



   

where  is the time-averaged spin moment after 90 fs,  is the initial 
spin moment without the influence of laser pulse. To compare our results with the 
technique of angular-resolved PE [5], we disperse the ultrafast spin moment 
change in crystal-momentum space. Figure 1(c) shows the crystal-momentum dis-
persion of ultrafast spin moment change, where the high symmetry points and 
lines within first BZ of bcc crystal structure as schematically depicted in Fig. 1(b). 
A few features are interesting. The hot spin spots induced by the laser are local-
ized in the momentum space, only in the Γ-H-P, Γ-H-N, and Γ-P-N planes. We al-
so find the hot spin spots across the Λ, Δ, and Σ lines. An experimental verifica-
tion of our findings is needed. 

We propose to detect the ultrafast spin change in the crystal momentum space. 
Our first-principles calculation demonstrates several striking feature of the spin 
moment change. We find that the spin change is localized in some special planes 
in the BZ. This can be directly tested experimentally. 
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Abstract   The Gilbert damping constant, present in the phenomenological Lan-
dau-Lifshitz-Gilbert equation, is calculated within a realistic tight-binding model, 
for arbitrary magnetization orientation in ferromagnetic systems. The dependence 
of the Gilbert damping constant on magnetization direction is investigated for bulk 
Fe, Co and Ni as well as Co films. 

Introduction 

Magnetic relaxation in ferromagnetic metallic systems is governed by the Gilbert 
damping which enters the phenomenological Landau-Lifshitz-Gilbert (LLG) equa-
tion [1] describing the dynamics of magnetization in such systems. Thus, Gilbert 
damping is of crucial importance in understanding spin-dependent transport in 
magnetic nanostructures as well as their application in spintronic devices. Such 
damping is also is the mechanism through which energy dissipates in magnetic 
systems. 

In our previous work [2], the Gilbert damping constant has been calculated for 
bulk cubic ferromagnetic metals with magnetization along [001] axis as well as for 
(001) fcc Co films with magnetization perpendicular to the surface. Therein, it has 
been shown that the damping constants obtained for bulk ferromagnets are in very 
good agreement with ab initio calculations. The damping constant has been found 
to be considerably enhanced for Co films of few-monolayer (ML) thickness. A 
further remarkable enhancement is obtained as a result of covering Co films with a 
Pd cap in Co/Pd bilayers. 

In this short report, we employ a realistic nine-band tight-binding model [2] to 
calculate the Gilbert damping constant for an arbitrary magnetization direction in 
ferromagnetic metallic systems. The dependence of the Gilbert damping constant 
on magnetization orientation is investigated for bulk Fe, Co and Ni as well as 
(001) fcc Co films.  
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Theory 

The Gilbert damping constant for the magnetization M oriented along the z axis is 
given by the Kamberský formula [2,3] including the torque B-=[S-, HSO ]. The 
spin-orbit (SO) interaction HSO = LzSz+1/2(L+S-+L-S+) is represented by the opera-
tors of orbital and spin angular momenta ( Lz , L± = Lx ± iLy and Sz , S± = Sx ± iSy ) 
defined with the fixed x, y, z axes chosen along the [100], [010], [001] axes. For 
arbitrary direction of magnetization M, described by the polar and azimuthal an-
gles, θ, ϕ, electronic states are expressed in the rotated spin state basis |↑ r and |↓ r 
and the operator B- is replaced with - = [ - , HSO ] where - = Sx – ISy (in the ro-
tated frame of reference Ox' y' z' with z' parallel to M ). The Gilbert damping con-
stant is then calculated with the matrices of HSO and - in the rotated basis ex-
panded [4] as |↑ r = e- cos(θ/2)|↑  + e sin(θ/2)|↓  and |↓ r = e- sin(θ/2)|↑  + 
e cos(θ/2)|↓  in the unrotated basis |↑  and |↓ . 

Results: bulk ferromagnetic metals, Co films 

The calculated damping constant α for bulk cubic ferromagnets is the same for M 
along different principal axes. Figure 1 shows the dependence of  on the polar 
angle θ, in the xz plane (ϕ = 0), for bulk Fe, Co and Ni. It is symmetric with re-
spect to θ = 45°, as expected. At θ = 45°, we find a maximum damping for Fe and 
minimum damping for Co. For bulk Ni such minimum is present for electron scat-
tering rates Γ ≤ 0.05 eV and it is replaced by a weakly pronounced maximum for 
larger Γ. The change of α with the magnetization direction does not exceed 13%, 
3%, and 18% for Fe, Co and Ni, respectively, with Γ = 0.01 eV. The damping 
constant is less sensitive to the magnetization direction for larger Γ. 

In Fig. 2(a) we plot the Gilbert damping constant  for (001) fcc Co films with 
different magnetization directions and film thicknesses. The change of the damp-
ing constant due to the magnetization re-orientation from out-of-plane to in-plane 
is over threefold for the Co monolayer and decays for thicker films. The difference 
diminishes for larger Co thicknesses as α has the same value for θ = 0° and 
θ = 90° in bulk Co (cf. Fig. 1). 

The dependence of the Gilbert damping on the direction of magnetization is 
much stronger in thin films than in bulk metals. The damping constant for Γ = 
0.01 eV has the maximum at θ close to 45° where its value increases considerably 
(by nearly 60% for 10-ML Co film) in comparison with in-plane and out-ofplane 
orientations; Fig. 2(b). Such maximum disappears for Γ ≥ 0.1 eV.  
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Fig. 1. A Gilbert damping constant for bulk bcc Fe, fcc Co, fcc Ni vs polar angle θ, obtained 

with the scattering rate Γ = 0.01 eV. 

 

 
Fig. 2. A Gilbert damping constant vs (a) Co film thickness for in-plane and perpendicular mag-

netization, (b) polar angle θ for Co(10 ML); the scattering rate Γ = 0.01 eV. 

In conclusion, the Gilbert damping constant is found to depend on the magnetiza-
tion orientation, weakly for bulk ferromagnets but much strongly for ultrathin Co 
films. The damping is particularly strongly enhanced in Co films with magnetiza-
tion orientation intermediate between in-plane and out-of-plane directions. 
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Abstract   We have designed and built an ultrafast pump-probe apparatus based 
on a dual-color scheme for the measurement of spin dynamics, via the MOKE sig-
nal, with pulse durations in both pump and probe lines of <10 fs. Such temporal 
resolution is obtained using hollow-fiber and chirped mirror pulse compression 
techniques. 

Introduction 

Ultrafast spectroscopies based on the pump and probe methodology are a general 
tool that can be applied to the study of many ultrafast physical phenomena in ma-
terials. Such techniques utilize pulsed lasers, whose temporal width defines the ul-
timate resolution of measurement. By splitting the optical pulse into two compo-
nents, a controlled time delay can be introduced between the arrival times of the 
two parts, at a sample, using a delay stage. As we are concerned with the study of 
spin dynamics in magnetic materials, we use the measurement of the magneto-
optic Kerr effect (MOKE), which allows us to optically probe the state of mag-
netisation of the sample.  

Dual-colour pump-probe apparatus for magnetization dynamics 

Our pump-probe system (Fig. 1) is based on a commercial Ti: Sapphire laser am-
plifier (Femtolasers Compact Pro CE Phase) delivering sub-30-fs laser pulses (~40 
nm bandwidth centred at 800 nm) with 1 mJ of energy at a repetition rate of 1 
kHz. These pulses are further post-compressed in a home-built state-of-the-art hol-
low-fibre chirped-mirror compressor that uses the dispersion-scan (d-scan) tech-
nique for the simultaneous measurement of the pulses [1, 2]. This compressor con-
sistently delivers sub-4-fs pulses with 200-300 J energy that can be directly 
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carrier-envelope phase stabilized with the same d-scan setup [3]; its output is ex-
tremely broadband, spanning from 450 to 1050 nm, with a Fourier-limit of <3 fs. 
The broadband pulses are sent through an additional chirped mirror compressor 
covering the bandwidth 500-950 nm and capable of compensating, up to high-
order, the material dispersion associated with the air paths and all subsequent opti-
cal components (filters, lenses, waveplates and polarisers) traversed by the pulses 
up to the sample stage. A dichroic mirror is used to produce the pump (reflected) 
and probe (transmitted) pulses.  

 

 
Fig. 1. Schematic illustration of our dual-colour pump-probe spectrometer. 

Contrary to conventional dual-colour systems, which usually employ one or 
more optical parametric amplifiers (OPAs) as a secondary source of spectrally 
tuneable femtosecond pulses, our approach consists in obtaining the dual-colour 
pump and probe pulses from the same broadband hollow-fibre source. This ap-
proach has several advantages. Unlike OPA systems, the pump and probe pulses 
are very broadband (550-700 nm and 650-950 nm, respectively) and can both sup-
port pulse durations below 10 fs, as shown in Fig. 2. The small overlap between 
the pump and probe spectra can be reduced with optical filters. The pulses have 
similar energies, enabling us to exchange their roles when studying specific sam-
ples that may benefit from a particular combination of central wavelengths for the 
pump and probe pulses.  The set-up permits control of both polarisation and en-
ergy of the pulses, allowing the detection of both polarisation rotation and elliptic-
ity. Detection is based on balanced photo-detection in conjunction with boxcar and 
lock-in techniques. The electromagnet and bipolar power supply can generate 
magnetic fields of about 1 T in the sample plane. 

 



 

Fig.2. (a) Spectra for the pump and probe beams, (b) measured intensity autocorrelation of probe 
beam and (c) measured interferometric autocorrelation of pump beam and corresponding (calcu-
lated) intensity autocorrelation. Retrieved pulse duration (assuming sech2 shapes) is 8 fs for both 

pulses. 

Conclusions 

We have developed a state-of-the-art pump-probe system with sub 10 fs temporal 
resolution. The full spectrum of the broadband source can be used for both pump 
and probe pulses with minimal changes to the setup, this is expected to reduce the 
ultimate temporal resolution to the order of 6 fs. This unique apparatus will be 
dedicated to the study of ultrafast magnetisation dynamics in low dimensional fer-
romagnetic systems. 
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Abstract   We have investigated the demagnetization ( M) and the precession 
damping ( ) times of the magnetization of Co ferromagnetic films doped with rare 
earth elements excited by femtosecond laser pulses. Both times are measured as a 
function of the absorbed laser energy density E0 and doping concentration cRE with 
rare-earth elements. The results indicate a priori no direct connection between M 
and  with respect to spin-impurity scattering processes, while both times depend 
on E0, due to a raise of respectively the electronic and lattice temperatures. 

Two key parameters characterizing the ultrafast magnetization dynamics are the 
timescale of the demagnetization ( M) and the dynamics of the precession of the 
magnetization characterized both by its period Tprec and damping time (  [1-7]. In 
the present article we investigate M and  in cobalt films doped with rare earth el-
ements by varying systematically E0 the laser energy density and cRE the rare earth 
concentration. These two relaxation times do not follow the same behavior upon 
varying each parameter, showing that the mechanisms involved in the spin-flip 
scattering process occurring at these timescales are different.  

The investigated magnetic films were sputtered at an Ar pressure of 5 mTorr at 
room temperature on substrates of glass and silicon, by co-sputtering a Co target 
with rare-earth targets (Tb, Ho, Sm and Dy). The time-resolved magneto-optical 
measurements were done with 48 fs laser pulses (center wavelength 800 nm) de-
livered at 5 kHz by an amplified Titanium:Sapphire oscillator in a setup similar to 
that used in Ref. [1].  

Figure 1 shows the time-resolved normalized differential magneto-optical polar 
Kerr signal M/M(t) (stars) for a Tb doped Co film, Co89.5Tb10.5, together with its 
transmission T/T(t) (solid dots), which represents the electron dynamics. The 
electron and magnetization dynamics with their distinctive features are shown for 
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long pump-probe delays, until 450 ps, Figure 1(a), and for short delays, until 500 
fs, Figure 1(b). For long delays the magneto-optical experimental signal, which is 
representative of the magnetization precession, is fitted to a damped harmonic 
function which in this case decays with a time constant of 149 ps. Fitting an ex-
ponential to the differential Kerr signal at short delays we obtain a demagnetiza-
tion time M of 71 ± 5 fs for Co89.5Tb10.5.  
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Fig. 1.  Polar Kerr dynamics and differential transmission measured for a Co89.5Tb10.5 film for  

(a): “long” and (b): “short” pump-probe delay times. 

In Figure 2a and 2b M and  are shown for several rare-earth doped Co samples. 
M is not significantly affected by the doping concentration and the type of impuri-

ties. In contrast,  decreases for increasing cRE showing the influence of the spin 
scattering with magnetic impurities and lattice defects on the precession dynamics 
as reported before in the case of permalloy thin films [3, 5, 6]. Our results first 
show that the 5d-4f spins scattering between the transition metal and rare earth 
spins does not affect the thermalization of the 5d spins non-equilibrium distribu-
tion excited by the laser. In contrast this mechanism prevails during the diffusive 
transport regime of the spins i.e. when the precession and its damping occur.   
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Fig. 2. Variation of the thermalization M and damping  times for Co films doped with several 

concentrations of Sm, Tb and Ho impurities. 

The influence of an increase of E0 on the magnetization dynamics of a rare-earth 
doped Co film is to increase both M and The increase of M with E0 is obvi-
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ously related to the increase of the spin specific heat as the temperature ap-
proaches the Curie temperature. On the other hand, the increase of the damping 
time  with E0 means that there is less “friction” on the precession of the magneti-
zation with increasing excitation. This result disfavours the role of thermal excita-
tions on the precession damping, as has been recently suggested [8]. For example, 
the relaxation time  changes for Co93.9Tb6.1 from  215 ps to 295 ps when increas-
ing E0 by a factor 3. This result can be explained as follows: according to a three 
bath modelling of the charges, spins and lattice dynamics, an increase of laser in-
tensity manifests by an increasing lattice temperature, which is in quasi equilib-
rium with the electrons and spins after a few picoseconds [1]. Such increase of 
temperature reduces the modulus of the magnetization according to the Curie-
Weiss law. As a result the friction decreases since it is proportional to M x (dM/dt) 
in the modified Landau-Lifshitz-Gilbert equation, providing we take into account 
the changes of the magnetization modulus [1]. 

In conclusion, we have measured the ultrafast demagnetization time M and 
damping time  of the precession in rare-earth doped Co films. M of rare-earth 
doped Co films is not affected by the doping concentration, in contrast to  In ad-
dition,  increases when we increase the laser energy density. This is attributed to 
the reduction of the magnetization modulus as the temperature increases.  
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Abstract   This paper presents the construction of a stand for the study of magnet-
ic materials, especially ferrofluids. This stand is supplied in two ways, with an AC 
and a DC source.  

Introduction 

Ferrofluids are colloidal suspensions in liquid of very fine (» 10 nm) magnetic par-
ticles and when exposed to magnetic field increase their viscosity (e.g. the mag-
netic viscosity phenomenon). These liquids were named magneto-rheological flu-
ids [1,2]. Ferrofluids are involved in implementing new devices and technologies 
and therefore the research of magnetic liquids has a strongly multidisciplinary 
character. As much as any research work experiments are very extensively and in-
tensively used in order to have a break-through in technological field. We are 
aware of previous works in this field of knowledge as well as some theoretical 
models and a few applications [1-3] and we developed in our laboratory an exper-
imental stand for studying ferrofluids. Ferrofluids are a new type of material that 
preserves the properties of the basic fluid and acquire the magnetic properties of 
the particles in their own composition, responding instantly to the application of a 
magnetic field [2-5].  

In order to generate the magnetic field around the conductor, we need high cur-
rent amplitude, obtained in our work through an electrical scheme for continuous 
current and an electrical scheme for alternating current, for each case being high-
lighted the hydrostatic profile of the ferrofluid. This paper approaches several as-
pects of particular problems of ferrofluids statics, related to the shape of the 
ferrofluids free surface around a vertical electrical conductor of different shapes 
(round, square, tape and cross), traversed by an electrical current. 
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Magnetic source 

In this experiment, in order to obtain the shape of ferrofluid around a vertical cur-
rent, we applied three types of signals (ramp, step and impulse) for several types 
of profiles made of different materials. Materials are processed profiles (round, 
square, triangle, cross and band), and are made by copper and steel. 

The stand presented in Fig. 1, serving to investigate the hydrostatic profile of a 
ferrofluid surrounding a vertical electrical conductor, uses several bottoms, each 
of them associated with a vertical wire, and made of a conductive material dia-
magnetic, paramagnetic or ferromagnetic. This source is reliable and economical 
being realized in the research lab.  

Ferrofluids applications in technical are similar semiconductors applications. 
The most common applications require study ferrofluids in magnetic field. To 
study this we design is necessary magnetic field sources. An example of the 
source is presented below. 

 
 

 
Fig. 1. Overview of the stand 

 
Experimental results for the three types of signals is illustrated in Fig. 2, 3 and 4, 
the images are captured using a high speed camera. Ferrofluid is arranged around 
the current that passes through metallic conductors in the form of a truncated cone. 
When excitation signal is step and ramp we noticed that besides the attraction of 
ferrofluid on the top of conductor, there are also some peaks of various shapes and 
sizes. The phenomenon is easily visible on alternative current only for high  cur-
rent values. Ferrofluid column height wired around the current that passes through 
a metal conductor depends by the conductor diameter. The smaller is the diameter 
of the conductor the greater is ferrofluid column height. We estimate that our ex-
periments are useful in industry for improving sensors sensitivity (i.e. inclinome-
ters, flow meters, accelerometers, etc.); for improving the sound quality of audio 



loudspeakers, for increasing the capacity of magnetic disks, for computer new 
memory storage facilities, and sputtering apparatus in the semiconductive indus-
try. 

 
Fig. 2. Profile of hydrostatic ferrofluids for impulse signal 

 

 

 
Fig. 3. Profile of hydrostatic ferrofluids for ramp signal 

 
Fig. 4. Profile of hydrostatic ferrofluids for step signal 
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Abstract   We study the magnetization reversal of isolated and interacting single-
domain cobalt nanoparticles with uniaxial anisotropy under the macrospin approx-
imation. We analyze the consequences of dipolar interaction on the reversal time. 
The effect of temperature on the probability to switch the magnetization using a 
linearly chirped pulse to drive the precession is investigated. 

The quest for higher density in magnetic data storage implies future use of smaller 
nanoparticles with high magnetic anisotropy to overcome the superparamagnetic 
limit. In order to address this problem, we have developed a Fokker-Planck model 
to simulate the magnetization dynamics of isolated and interacting single-domain 
magnetic nanoparticles in the mean-field approximation [1] using a static field only.

 
Fig. 1. The variation of the reversal time  as a function of the inverse temperature  for 

damping constant  : numerical results (red) and Brown asymptote (dashed line) for no in-
teraction, magnetic dipolar interaction for 25nm interparticle distance (green). 

 Fig. 1 shows that the inclusion of dipolar interactions accelerates the reversal pro-
cess at low temperatures while it does not affect it at high temperatures. Also, the 
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results for isolated nanoparticles are in agreement with the Brown expression 
(dashed line). 

But an increased anisotropy requires larger fields to reverse the magnetization 
of the nanoparticle, which is currently difficult to achieve experimentally. To 
elude this limitation, a microwave field can be combined to the static field [2], and 
it has been shown that the optimal microwave field should be modulated both in 
frequency and magnitude [3]. 

We investigate here the magnetization reversal of an isolated single-domain Co 
nanoparticle with uniaxial anisotropy under the macrospin approximation, com-
bining a static field with a linearly chirped excitation consisting in a microwave 
field to drive the precession until the magnetization switches.  

We study an isolated single-domain Co nanoparticle with uniaxial anisotropy 
along  in the macrospin approximation (  is constant) by solving the Landau-
Lifshitz-Gilbert equation: 
 

 1 

 
 
where  is the gyromagnetic ratio,  the phenomenological damping parameter, 
and  the effective field acting on the particle. 
The effective field comprises the anisotropy field, a static external field collinear 
to the anisotropy axis, and a microwave field of varying frequency which will 
constitute the chirped pulse. Two kinds of microwave fields are considered: one of 
constant amplitude rotating in the  plane a second one with constant direc-
tion along  but oscillating amplitude. We have found that the rotating field is 
twice as effective as the constant-direction field for the magnetization reversal 
process. 
 

 
 

Fig. 2. Evolution of the magnetization components (  and  in green, blue and red 
respectively). 



Fig. 2 shows that the moment is captured and dragged until its complete reversal, 
which corresponds to a change in the sign of the  component of the magnetic 
moment.  

We now turn to the effect of a finite temperature on the magnetization reversal. 
One can define a threshold amplitude  of the oscillating microwave field above 
which the magnetization switches. 
In the zero temperature case, the probability to capture and drive the precession of 
the moment is zero below  and equal to unity above, with a very sharp and 
step-like transition. At finite temperature, the moment is subjected to thermal fluc-
tuations and it may or may not be captured, depending on its orientation when the 
chirped pulse is activated. This randomness in the initial conditions creates a finite 
width of the transition around . We show analytically and numerically that this 

transition width scales as   where T is the temperature and V is the volume 

of the nanoparticle.  
 

In summary, we observed that the inclusion of dipolar interactions lead to a 
faster reversal of the magnetization. We also showed that a microwave field with a 
varying frequency and very small amplitude (a hundred times smaller than the 
static field) can efficiently reverse the magnetization, thus reducing the switching 
field. The capture process is strongly altered by the temperature because of the 
random amplitude and phase difference between the excitation and the moment. 
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Abstract   Applying spin-resolved Boltzmann collision integrals, we find that ul-
trafast demagnetization dynamics is driven by both the equilibration of separated 
temperatures and chemical potentials of spin-up and spin-down electrons. We set 
up a system of equation as a simplified phenomenological model to describe the 
demagnetization dynamics governed by these equilibration processes. 

It is well known that ultrashort laser pulses irradiating itinerant ferromagnets 
cause a demagnetization of the material on a sub-picosecond time scale[1, 2]. Sev-
eral models which are intended to explain this effect microscopically are currently 
under discussion [2–4]. One of them considers changes of total magnetization in-
duced by spin flips of single electrons during collisions with other particles. Such 
processes, i.e. collisions accompanied with a spin flip, are known as Elliot Yaffet 
processes [5]. 

In this context, the interest of our group on magnetization dynamics arouse. 
Generally, we are studying electron dynamics in laser excited solids with help of 
Boltzmann collision integrals [6, 7]. Information on the transient electron distribu-
tion functions is of large interest for instance in the field of photoemission [8, 9], 
electron emission [10] and transport [11].  

 
Fig. 1. Relaxation dynamics of the majority and minority electron systems as well as the pho-

nons. Figure is taken from Ref. [12] 
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We study in particular moderate excitation densities and resulting effects as the 
thermalization of excited electrons, the electron phonon coupling and the mutual 
influence of both. Such microscopic effects due to the excitation of many elec-
trons in a metal may provide a key to understand also magnetization dynamics in 
laser-excited metals. To that end, we distinguish the electrons, separating them in-
to spin-up and spin-down electrons, and consider in particular collisions in be-
tween the subsystems of spin-up electrons, spin-down electrons and phonons. The 
considered systems and collision processes are sketched schematically in Fig. 1. 
Following [3, 13], spin flips are considered to occur due to both, electron–electron 
and electron– phonon collisions. 

Details of our calculation are published in Ref. [12]. Assuming the Stoner 
model, the densities of states are shifted with respect to each other with an energy 
difference given by the exchange splitting. Both subsystems, however, obey a 
joint level of chemical potential leading to a larger density of one kind of electrons 
than the other kind. When exciting the material, energy is brought into both elec-
tron systems, leading to increased temperatures. As we have shown in Ref. [12], 
these temperatures do not equal each other, thus we have to distinguish between 
the temperature of spin-up electrons , and the temperature of spin-down elec-
trons . The equilibration of both temperatures drives an energy exchange be-
tween the spin-up and the spin-down system. Moreover, the chemical potential 
depends in turn on the electron temperature, however, this dependence is not nec-
essarily linear. Thus, when the temperatures  and . have equilibrated, the 
chemical potentials  and  may still differ [17]. The equilibration of both 
chemical potentials  and  , drives a particle exchange between the spin-up 
and the spin-down system. We have identified this equilibration of temperatures 
and chemical potentials as the driving force for ultrafast demagnetization [12]. 

 

  
Fig. 2. Relaxation dynamics of the spin-up and spin-down electron temperatures (left) and of the 

respective chemical potentials (right). 

In Fig. 2, the equilibration of temperatures and chemical potentials after laser 
excitation with different absorbed laser fluences is shown for the case of Nickel, 
considering its density of states [7, 14]. The evolution of the temperatures  and 

  shows the increase during the irradiation (pulse duration 100 fs, constant in-



tensity), the different maximum values of  and , respectively, and the subse-
quent equilibration of these quantities. Note that the energy exchange with the 
phonons was “switched off” in this calculation. Fig. 2 shows that the time of equi-
libration of the chemical potentials depends on excitation strength. Since this time 
is directly connected with the timescale of demagnetization (disregarding the ef-
fect of electron–phonon collisions discussed in [12]), this dependence nicely con-
firms the relation between quenching time an irradiation strength found in Ref. [2, 
15]. 

In order to simplify the kinetic description we develop a model considering the 
equilibration of temperatures and chemical potentials in a phenomenological way. 
The main idea is similar to the two-temperature description of electrons and pho-
nons [16] governed by the difference of the respective temperatures. In contrast to 
the three temperature model introduced in Ref. [2], we, however, do not consider 
an explicit spin temperature, but solely distinguish between the temperatures of 
the electronic subsystems , as well as the chemical potentials . The model 
implies terms considering their respective equilibration, additionally to the equili-
bration between electron temperature and phonon temperature. Due to the consid-
eration of particle exchange between spin-up and spin-down electrons, we are able 
to calculate the evolution of magnetization during and after ultrafast excitation. 
We compare the results of this simplified model with the results of the complete  
simulation applying spin resolved Boltzmann collision integrals. 
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Abstract In this study GdFeCo-multilayered structures are investigated by means 
of static magneto-optical measurements and time-resolved pump-probe spectros-
copy. Fluence dependent time-resolved measurements demonstrate a complex be-
havior of the magnetization and the possibility of magnetization reversal. A meth-
od to distinguish contributions from different layers is proposed.  

It was recently demonstrated that femtosecond laser pulses can manipulate the 
magnetic order [1] and even result in a full magnetization reversal of metallic 
samples [2]. The latter was first shown in GdFeCo which is a rare earth (RE) – 
transition metal (TM) ferrimagnetic alloy that used to be a common material for 
magneto-optical data storage devices [3]. Due to the different strengths of the ex-
change interaction of the nonequivalent magnetic sublattices, the magnetic mo-
ments of the RE and the TM elements behave in a different way as a function of 
temperature. This leads to the existence of a so-called magnetization compensa-
tion temperature (TM) at which the magnetic moments of both elements are 
aligned anti-parallel and have the same absolute values. This temperature is a 
function of the alloy chemical composition and plays a crucial role in its magneti-
zation dynamics. Particularly, the degree of laser induced demagnetization is 
higher when the system crosses the magnetization compensation temperature due 
to the laser heating [4]. It was in fact demonstrated that the ultrafast demagnetiza-
tion efficiency strongly depends on (T-TM). In our study of GdxFeyCo100-x-y sam-
ples, where x is between 22% and 27%, the position of TM is found to be in an in-
terval between 70K and 320K which means that an efficient magnetization 
reversal of GdFeCo-systems is possible for only a narrow range of concentrations 
of Gd. However, the fabrication of multilayered GdFeCo-systems could allow to 
extend this range. 

The complexity in the study of any multilayered systems originates from the 
superposition of the responses coming from the different layers of the system. Be-

� Springer International Publishing Switzerland 2015
J.-Y. Bigot et al. (eds ), Ultrafast Magnetism I, Springer Proceedings in Physics 159
DOI 10.1007/978-3-319-07743-7_23

69
.

Y.Tsema@science.ru.nl 



ing able to address single features may be the key for a deeper understanding of 
various phenomena. For example, mixing different RE-concentrations in one sam-
ple consisting of RE-TM layers could reveal an atypical behavior of the net mag-
netization dynamics, different from those for each separate alloy. 

Figure 1 shows a static magneto-optical characterization for the sample which 
main layers are Gd27Fe63.9Co9.1 and Gd26Fe64.7Co9.3, both 10nm-thick, separated by 
a layer of 5nm of Si3N4. A typical hysteresis measured at 120K is shown in the in-
set, where dashed lines indicate the coercive field of Gd26Fe64.7Co9.3 and the dotted 
lines are for Gd27Fe63.9Co9.1. The existence of a different magnetization compensa-
tion points for each RE-TM layer is observed. 

The possibility to distinguish contributions of RE and TM in RE-TM ferro-
magnetic alloys such as TbFeCo by magneto-optical spectroscopy was recently 
shown [5]. For our multi-layer sample it appears that multiple scattering effects 
lead to a layer specific magneto-optical response, depending on the wavelength 
and angle of incidence. Figure 2 demonstrates the possibility to achieve a 100% 
sensitivity to the top layer of the structure. This phase-based effect allows to apply 
time-resolved pump-probe spectroscopy to separate the contributions of the layers 
and unravel the superposition of layer specific trends. 

This method allows us to investigate all-optical switching in a buried layer, ex-
tracting information that can lead (with a proper engineering) to the creation of an 
extended switching window or the creation of synthetic (anti-)ferromagnetic 
stacks of different layers, opening the way for new discoveries in the exchange in-
teraction dynamics.  

 

 
Fig. 1. The coercive field HC vs temperature for the GdxFeyCo100-x-y layers with different concen-

trations (x=26% and 27%). The divergence in the coercivity indicates the magnetization com-
pensation points which are shown as dashed lines. Schematic view of the sample and common 

hysteresis measured at 120K are shown in the insets. 



 

Fig. 2. Relative magneto-optical sensitivity to the two magnetic layers as a function of the wave-
length. The sensitivity is determined here as Kerr rotation coming from one layer divided by the 
total Kerr rotation for the whole sample. The sample was illuminated with monochromatic light 
at 45 degrees of incidence at room temperature. For the chosen conditions maxima of sensitivity 

are around 540nm and 700nm.  
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Abstract: The time resolved reflectivity R(t) and magneto-optical Kerr response 
(t) of assemblies of Co-Pt nanoparticles are studied with femtosecond laser 

pulses. In ordered arrangements of such superparamagnetic nanoparticles R(t) 
displays a low frequency mode (145 ps) characteristic of collective vibrations, 
while (t) varies monotonously. In contrast, after the nanoparticles are thermally 
annealed, (t) displays a motion of precession and a monotonous variation of 

R(t) both characteristic of a ferromagnetic phase and disordered arrangement.  

Magnetic nano-objects are promising for making fast data recording devices [1]. 
In that context, the study of their ultrafast magneto-optical properties is of prior 
importance [2]. In particular, two dynamical regimes are interesting to study: 
when the nano-objects are either superparamagnetic or ferromagnetic and when 
dipolar magnetic interactions take place between them [3-5].  In this work, we 
have studied the magnetization dynamics of close-packed assemblies of Co(core)-
Pt(shell) nanoparticles. By comparing different annealing conditions of the nano-
particles it is shown that both their spatial organization and their structural phase 
have a strong influence on their ultrafast dynamics.  

The native nanoparticles have been elaborated by redox transmetalation reac-
tions [6]. They result in a 5 nm cobalt core and a 1.5 nm platinum shell and are 
superparamagnetic at room temperature with a blocking temperature TB=66 K as 
shown in the figure 1a). They are assembled into pellets by cold pressing under 
160 Pa. The ultrafast dynamics of the reflectivity and the magnetization are meas-
ured, in a pump-probe configuration, using a regenerative amplified Titanium: 
Sapphire laser, cadenced at 5kHz and delivering pulses with 130 fs duration. The 
pump, centered at 400 nm, is generated by frequency doubling in a BBO crystal 
whereas the probe is centered at the fundamental wavelength (800 nm). A polari-
zation bridge allows us to measure simultaneously the normalized reflectivity 

R/R(t) and the Kerr rotation / (t) using lock-in amplifiers and photodiodes. 
First, a mild local laser annealing in the region of pump and probe spatial overlap 
is performed. The maximum density of energy for this laser annealing is 3 mJ/cm² 
and corresponds to a transient increase of the lattice temperature of 370 K. For 
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higher laser annealing temperatures systematic photo-ionization processes take 
place leading to sample damage. Second, we performed annealing in an oven, al-
lowing higher temperatures, up to 700 K. 

First, we study the consequences of the laser annealing. The differential reflec-
tivity measured on the annealed zone is plotted on the figure 1b) for a density of 
excitation of 0.8 mJ/cm² (empty squares). After the pump pulse arrival, the signal 
increases corresponding to a heating of electrons until a maximum is reached after 
160 fs corresponding to the thermalization time of the electrons. Then, the elec-
trons cool down to the lattice via electrons-phonons interactions in a few picose-
conds. At longer delays, oscillations show up with a period Tvib=146 ps. They cor-
respond to collective vibrations due to nanoparticles re-arrangement locally 
induced by the laser annealing. A similar behavior has been demonstrated on 3D 
self-organized supra-crystals of Co nanoparticles [7]. Let us add that we observe a 
heat diffusion time of 170 ps and a damping time of the oscillations of 157 ps. It 
shows that the collective vibrations disappear as soon as the heat diffuses away 
from the probed area. In figure 1b), the main features of the magnetization dynam-
ics (solid triangles) are also represented. First the ultrafast demagnetization takes 
place, followed by the spins-phonons relaxation in 360 fs and later a long-standing 
monotonous heat diffusion occurs. This monotonous re-magnetization is con-
sistent with superparamagnetic fluctuations without specific magnetic order at 
room temperature. 

 
Fig. 1. Dynamics of an ordered assembly of superparamagnetic Co-Pt nanoparticles. a) Blocking 

temperature of the native nanoparticles extracted from ZFC-FC SQUID measurements. Inset: 
TEM image of a single core-shell CoPt nanoparticle. b) Dynamics of the differential reflectivity 

(empty squares) and of the magneto-optical Kerr rotation (solid triangles). 

Secondly, we proceed to the thermal annealing of the pellet in an oven at 650 K 
for one hour. The nanoparticles undergo a phase transition resulting in a ferro-
magnetic behavior at 300 K with a mean diameter of 8 nm, as shown in the figure 
2a). The analysis of electron microscopy images of these nanoparticles [8] show 
that their structure evolves from a Co-Pt core-shell into homogenous CoPt and 
CoPt3 phases, corresponding to an enrichment of the Co core in platinum. As spin-
orbit interactions are rather strong in such alloy, it reinforces the magneto-
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crystalline anisotropy such as the thermal energy kBT is not sufficient to allow 
magnetization fluctuations over the anisotropy barrier. It results in a ferromagnetic 
behavior of the nanoparticles at room temperature as confirmed by ZFC-FC meas-
urements with a blocking temperature of 347 K (figure 2a)) and an open hysteresis 
loop at 300K with a coercive field of 50 Oe. The figure 2b) shows the dynamics of 

/ (t) (solid triangles) of the annealed sample with an external magnetic field of 
1.5 kOe. At long pump-probe temporal delays, it is drastically different from the 
native case. The oscillations correspond to the precession behavior of the magneti-
zation, projected on the polar axis as observed in ferromagnetic cobalt nanoparti-
cles [9]. The period of these oscillations is 80 ps. This result is a confirmation of 
the observations made by electron microscopy (CoPt phase). Moreover, the exist-
ence of the magnetization precession indicates that the nanoparticles assembly is 
homogeneous upon thermal annealing. Note that, as compared to fig. 1b), the re-
flectivity now behaves monotonously at long time delays in fig. 2b). This is due to 
the high temperature annealing which results in a disordered assembly of the na-
noparticles, suppressing their coherent collective vibrations observed with the 
mild laser annealing. 

 
Fig. 2. Dynamics of a disordered assembly of annealed ferromagnetic Co-Pt nanoparticles. a) 

Blocking temperature extracted from ZFC-FC SQUID measurements. b) Dynamics of the differ-
ential reflectivity (empty squares) and of the magneto-optical Kerr rotation (solid triangles) of 

thermally annealed nanoparticles for a density of excitation of 0.45 mJ/cm².  
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Abstract   In this work, we show a model of ferromagnetic material heated by a 
laser pulse. The laser creates a pattern of circles on the ferromagnetic materials 
with hot regions heated up to 3000K and cold regions at 100K and 400K. In our 
model the Landau-Lifshitz-Gilbert equation for a macrospin and spin temperature 
is passed through stochastic field. We show that the difference of magnon disper-
sion in the cold regions of the material. 

Introduction 

Recent interest in advanced magnetic materials for data storage and data pro-
cessing on short timescales drags a huge interest to study in a detailed atomistic 
description of magnetic materials. During ultrafast demagnetization processes, an-
gular momentum will be transferred between the electrons, spins and phonons in 
the systems to conserver it1. The process of demagnetization will take place in 
sub-picosecond scales2,3 and remagnetization will take place in picosecond scales4. 
The dynamics of individual local moments can be studied using atomistic spin dy-
namics codes. 

Atomistic spin dynamics simulations have provided insight into the local spin 
as well as the macro spin of the magnetic materials. Owing to computational limi-
tations, work so far has been limited to nanometer scales and the laser dot is very 
big. Therefor, to study such type of systems has to use massively parallel compu-
ting structures. For this purpose we used parallelized Uppsala atomistic spin dy-
namics ( UppASD ) code5.  

 Method 

To study laser induced ferromagnetic materials we used a two-step method ap-
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proach. In first step we obtained the Heisenberg exchange parameters and local 
moments from DFT codes, while a second step we used atomistic spin dynamics. 
The microscopic equations of local moments, which evolve in external fields, are 
expressed as follows, 

  1 

In the above equation is the electron gyromagnetic ratio and α is the damping 
parameter. The stochastic field, enters into the effective field in both the 
precessional term and the damping term. 

Micromagnetic simulations 

The simulations of the impact of a change in the site dependent laser spot were 
carried out using the UppASD code. A 2D super cell size of bccFe 300×300×1 has 
been used. The laser pulse was used to heat the material in specific regions and 
simulated heat regions reach 3000 K while cold regions are at 0K and 400 K. The 
simulations are run up to 10ps. The evolution of local moments is calculated and 
represented in form of figures. Figure1, the hot region is at 3000 K and the cold 
region is at 0K. The evolution in this model shows there is no magnon dispersion 
taking the place due to huge landscape between the hot region and cold region. In 
figure 2, the dynamics was shown but in this case the hot regions are at 3000 K 
and cold region is 400 K. When simulations carried out clearly that there is 
magnon dispersion in the slab. 

 

Fig. 1. Evolution of magnetic moment of bcc Fe. The region with blue vectors is at 0 K and 
while the green and red vectors indicate hot regions of 3000 K. 
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Fig. 2. Evolution of magnetic moment of bcc Fe are shown. The region with blue vectors is at 

400 K and while the green and red vectors indicate hot regions of 3000 K. 

By studying the above simulations can create a new texture material by using two 
different curie temperature materials by considering consider a cold region has a 
high Tc material while low temperature has a low Tc material. It promotes the 
new type of dynamics and creation of new artificial materials.        
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Part III
Spin Waves Dynamics
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Abstract   Time- and space-resolved spin wave excitation by circularly polarized 
pulses was investigated in a garnet ferrite. Propagation of the spin wave was con-
trolled by spatially shaping of the light pulses. 

Introduction 

Magnetization dynamics has attracted great deal of interest in recent years. In par-
ticular, the propagation characteristics of spin waves have been extensively stud-
ied because of their importance as the basis of “magnonics,” which aims to use 
spin wave packets instead of electric currents as the information transmitter [1]. 
Recently, a novel method of magnetization control has been reported. The method 
employs the inverse Faraday effect (IFE), where a circularly polarized light pulse 
nonthermally generates an effective magnetic field [2]. The IFE has been de-
scribed as impulsive stimulated Raman scattering. Thus, ultrafast magnetic 
switching is expected via the IFE. So far, there has been limited discussion on lo-
cal spin oscillations. Non-local spin dynamics, i.e. propagating spin waves, excit-
ed by this impulsive excitation method had not been observed. By using this 
method, 2D propagation can be observed in a non-contact manner, and broadband 
excitation can be realized, unlike resonant excitation with a microwave field. 
Yttrium iron garnet has often been used as a sample in magnonics because of its 
intrinsically low magnetic damping [3]. In an experiment involving photoin-duced 
spin waves, Bi-doped rare-earth iron garnet was found to be more suitable than yt-
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trium iron garnet due to its high magneto-optical susceptibility. By doping the 
sample with bismuth and magnetic rare-earth ions, the Gilbert damping coefficient 
increases. Even so, spin waves can propagate over distances of hundreds of mi-
crometers, and they can be spatially resolved. 

Here we report spin wave excitation via the IFE in a ferrite garnet. 2D propaga-
tion of the spin waves was investigated by a pump-probe experiment. Direction of 
the spin wave propagation was controlled by spatially shaping of the light pulses. 

Excitation and control of spin wave 

The composition of the garnet ferrite was Gd4/3Yb2/3BiFe5O12, and the thickness 
was 110 μm. An in-plane magnetic field of 1 kOe was applied to saturate the 
magnetization. We employed the magneto-optical Faraday effect to measure 
space- and time-resolved spin waves. Circularly polarized pump pulses with a 
wavelength of 1400 nm were focused in a circular spot (50 μm in diameter) on the 
sample surface. Polarization rotation of the probe light was recorded for each 
pump position. All measurements were performed at room temperature, which is 
below the Curie temperature (Tc = 573 K). 

Figure 1(a) shows time-resolved polarization rotation when the pump spot was 
scanned in the directions parallel (x axis) to the magnetic field. Propagation of a 
spin wave packet was clearly observed. Figure 1(b) shows a spatiotemporal map 
of the spin waves when the pump spot was scanned in the x axis, whereas the 
posi-tion of the probe spot was fixed. We found that the wavelength of the spin 
wave was 200−300 μm, and the group velocity was about 100 km/s. It is clearly 
seen that a spin wave packet propagated from the pump spot, and the phase of the 
wave packet moved toward the pump position from the outside, which is a charac-
teristic of backward volume magnetostatic waves. Its dispersion of the lowest-
order mode is shown in Fig. 1(c) where  is the propagation angle with respect to 
the x axis. 

 
Fig. 1. (a) Time-resolved polarization rotation when the pump spot was scanned in the directions 
parallel to the magnetic field. (b) Spatiotemporal maps of spin waves. (c) The dispersion of the 

lowest-order mode of the backward volume magnetostatic wave. 
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In order to control the direction of spin wave emission, we made an elliptical 
pump spot shape on the sample surface. When the major axis of the ellipse was (a) 
perpendicular and (b) parallel to the x axis, a spin wave propagated perpendicular 
or parallel to the x axis, respectively (see Figure 2). In this way, we achieved di-
rectional control of the spin wave emission [4]. 

 
Fig. 2. 2D maps of spin wave emission at time delay 1.5 ns. Major axis of the ellipse was (a) 

perpendicular and (b) parallel to the magnetic field, respectively. 

Conclusion 

The spin wave is excited and directed only by the spatially shaped light pulse. We 
expect that our technique will allow much higher design flexibility in magnonics, 
and that this technique will pave the way for a new field of “opto-magnonics” for 
manipulating spin waves with light spots of various shapes. 
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k-vector distribution of magneto-static spin 
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Abstract   In this article we examine the k-vector distribution of magneto-static 
spin waves which are excited by microfabricated antenna structures. Changing the 
repetition of the antenna structures from a simple coplanar wave guide like struc-
ture to a meandering type antenna the k-vector distribution can be adjusted to a 
more or less peaked distribution representing the pitch of the meander. However, 
intrinsic damping of the magnetic system counteracts this effort.  

Introduction 

Spin wave Doppler shift experiments have played an important role in determin-
ing the spin polarization of the conduction electrons in ferromagnetic conductors 
[1,2]. In these experiments spin waves are excited in a ferromagnetic stripe using 
microwave excitation via antenna structures. Spin wave propagation in the stripes 
is well described by the Landau Lifshitz Gilbert equation with the appropriate 
boundary conditions. When the spin waves are subjected to an electric current 
flowing in the stripe the interaction between the spin waves (representing a 
smoothly varying non-collinear magnetic structure) and the spin polarized conduc-
tion electron current shifts the spinwave frequency according to uk . Here k 
represents the k-vector of the spin waves and u is the so-called spin drift velocity 
which linearly depends on the spin polarization of the conduction electrons. Thus 
by determining u it is possible to extract the spin polarization as long as the k-
vector of the spin waves is known exactly. In inductive experiments [1,2], typical-
ly the k-vector is inferred from the Fourier transform of the real space geometry of 
the antenna structure, see Figure 1. To launch a narrow k-vector distribution typi-
cally antenna structures with a number of repeats are used which mathematically 
leads to a rather narrow k-vector distribution. In the following we will show that 
this effort is counteracted by the finite Gilbert damping of the material. 
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Excitation geometry and Fourier transform 

 

 
 

Fig. 1. Typical antenna structures used to lunch magneto-static spin waves into a ferromagnetic 
Permalloy race track.  

In Figure 1 we show typical antenna structures used in the experiments. The an-
tenna on the left consists of a shorted wave guide and the corresponding Fourier 
spectrum of the excitation field produced by this antenna is shown in black in Fig-
ure 2. In the middle a meandering antenna is shown in red corresponding to the 
red line in Figure 2 and finally on the right hand side a meandering antenna with 
five repeats is shown in green with the corresponding green line in Figure 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Fig. 2. Fourier components of the excitation field calculated form the antenna structures shown 
in Figure 1. The black line presents the Fourier components of the magnetic excitation field pro-

duced by the antenna shown on the left in Figure 1. The same is shown in red for the antenna 
with three repeats in Figure 1 and in green for the antenna with five repeats. From a) – d) the 

damping length of the spin waves is shortened from infinity to 2.5 micrometer.   



The excitation spectrum of the antenna with five repeats is rather sharp (Figure 
2a) and peaks at a k-vector corresponding to the size of the wave guide structure. 
Reducing the number of repeats considerably broadens the k-vector spectrum, see  
black line in Figure 2a). However, as soon as a Gilbert like damping is turned on 
(damping length < infinity) also the k-vector distribution of the excited k-vectors 
in the magnetic stripe broadens considerably thus counteracting the effort to reach 
a rather sharp k-vector distribution, see Figure 2b)-d). In fact when reaching a re-
alistic damping length of 2.5 – 5 micrometers (Figure 2c) and d)), the k-vector dis-
tribution of all three antenna structures becomes almost indistinguishable.  

This means that a reliable extraction of the current spin polarization can only be 
realized when the true k-vector distribution is measured independently. 
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Abstract   Many facets of femtosecond excitation of ferromagnets have been in-
vestigated in the history of ultrafast demagnetization dynamics. Already the first 
model developed for nickel [1] in 1996 pointed out the importance of the three 
subsystems  electrons, spins and phonons  and the interaction within them. Here 
I want to review some possibilities to understand and manipulate the different 
knobs on ultrafast dynamics derived from that. 

Introduction 

In the first discovery of ultrafast behavior of the spin system under laser excita-
tion, the beforehand unprecedented speed of spin-dynamics on the 50-150 fs time 
scale was explained by the strong coupling of the electron and spin system leading 
to a fast heat transfer. Meanwhile different concepts have been developed to de-
scribe the nature of the ultrafast heating of the spin system. Similar to the local 
moment and the delocalized band picture that we have in static magnetism, also in 
spin dynamics, both pictures lead to different insights. In a picture of a local mo-
ment, the spins get heated and thus reduced in the averaged moment by thermal 
statistics. In a band picture, collapsing exchange energy reduces the moment and 
lateral inhomogeneous excitation can lead to heat currents (or super diffusion). In 
all cases, specific experiments disentangle the rich number of effects making ultra-
fast-spin dynamics to a vibrant field. 

From hot spins to spin waves 

Spin-flip scattering is central importance in spintronics: giant-magneto resistance 
or spin accumulation is a non-local phenomena connected with transport proper-
ties. In spin transport, the Valet-Fert model describes the flow of the spins by 
adapting Mott’s two current model with different propagation properties for both 
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spin channels with a spin-flip scattering intermixing both channels for multilayer 
structures. A scattering event of an electron wave to another state, at a defect, 
phonon or any other source of scattering, has a certain probability of ending up in 
a different spin-state. Thus spin scattering in a metal involves its electronic 
transport properties. The probability is described by the spin-mixing parameter of 
the wave functions which is given by VSO/ Vexch. At least three possibilities to in-
crease the heat transfer between electrons and spin system in a metal are indeed 
obvious: increasing the electron scattering rate, increasing the spin-orbit coupling 
(VSO) or decreasing the exchange coupling (Vexch). 

 

 
Fig 1. Spin-mixing versus exchange scattering (drawing courtesy by J. Walowski) [2]. 

Because of the fact that spin scattering is a transport property, it is an obvious 
idea that also spin-transport influences the spin dynamics. However this was 
modeled only recently by Battiato et al. [3] and in fact different experiments 
allowed to detect these currents directly, for example by THz emission of 
radiation [4]. Modeling of the spin currents involves the non-equilibrium 
distributions. In case of Fe, the minority spins have a very low Fermi velocity 
compared to the majority spins and are therefore localized, while in Ni the 
minority spins have a very fast relaxation time to the Fermi level compared to the 
majority spins that remain exited and mobile and for both in an ultrafast 
magnetization reduction. 

Exchange scattering is known from inelastic electron scattering and allows an 
electron of opposite spin and high energy, impinging on a local electron, to flip its 
spin. This energy equilibration process in the spin-system is an important mecha-
nism to relax local spin flips, leading to high frequency spin-wave dynamics: via 
the exchange energy the local spin flipped by the process relaxes into spin-waves. 
Subsequently, a local spin excitation will be distributed over a spin chain as a con-
sequence of exchange energy on femtosecond time scales. This has been also ob-
served in micromagnetic simulations on picosecond time scales and is leading to 
the thermal picture of demagnetization dynamics (Fig. 2). The electron system 
heats up the spins by spin flips. The spin system can be described by a thermal av-
erage of spin excitations and the degree coupling to the electron system can be 
varied by changing the spin-mixing, or more general, the coupling is described by 
transitions given by a Fermi golden rule model [6]. As a consequence the behavior 
is found to be intrinsically nonlinear. The demagnetization dynamics becomes 
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slow – for a small increase in temperature a large demagnetization has to be 
achieved. It is more difficult to demagnetize the sample further. 

 

Fig 2. Artist impression of a Stoner excitation (local spin-flip) decaying into a spin-wave excita-
tion (delocalized spin excitation). We can see in micromagnetic coarse grained models the same 

effect of a subsequent spin-wave population of lower lying wave numbers [5]. 

 
The thermal model allows a description of the ultrafast dynamics for many sys-

tems, as it was shown for example for Ni [7]. In a recent work we could pinpoint 
the maximum electron temperatures reached as decisive for the spin dynamics [8]. 
This opens up a new future direction to design the spin dynamics. 
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Abstract   We have recently demonstrated that multiferroics host exotic optical 
phenomena, such as non-reciprocal directional dichroism [1] and natural optical 
activity [2], for spin-wave excitations owing to the strong dynamic 
magnetoelectric coupling. The observed large optical anisotropies can pave the 
way for novel THz applications e.g. unidirectional waveguides or polarization ro-
tators. 

Introduction 

Magnetoelectric (ME) coupling in non-centrosymmetric magnets is manifested not 
only in their static properties but also their spin and charge excitations are entan-
gled. The most striking example for such a dynamic ME effect is the non-
reciprocal directional dichroism that is the absorption difference between counter 
propagating light beams [3]. In the case of multiferroic compounds with coexist-
ing ferroelectric and magnetic orders this phenomenon, termed as optical 
magnetoelectric effect (OME), can be observed when the light beam propagates 
along the cross product of the magnetization and the ferroelectric polarization, 
while in a chiral magnet such directional anisotropy arises parallel to the magneti-
zation and called magnetochiral dichroism (MChD). Despite the early prediction 
of this effect [3] it has been found minimal in conventional materials and hence of 
little technological potential. 

Here we summarize our THz studies on the multiferroic Ba2CoGe2O7 showing 
that the OME effect is resonantly enhanced, exceeding 40% change of the absorp-
tion coefficient, for the both electric and magnetic dipole active spin-waves, i.e. 
electromagnons [1]. Furthermore, the unique non-centrosymmetric crystal struc-
ture of the same compound allowed us to magnetically induce and control its chi-
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rality. In this chiral phase strong natural optical activity and MChD close to unity 
have been observed for the magnon modes [2]. 

Dynamical magnetoelectric effects in Ba2CoGe2O7 

Ba2CoGe2O7 is crystallized in a tetragonal structure (P-421m) which is neither po-
lar nor chiral. Below TN=6.7 K the S=3/2 spins of the magnetic Co2+ ions are or-
dered in an easy-plane antiferromagnetic structure. The ordered magnetic mo-
ments tend to align along the {110} directions, however, a small magnetic field, 
B>1 T is enough to freely rotate them within the (001) easy-plane [4]. When the 
magnetization points along the [110] direction the magnetic point symmetry be-
comes m’m2’ and ferroelectric polarization appears parallel to [001] [4]. 

 
Fig. 1. a, Selection rules for the spin-wave excitation in Ba2CoGe2O7. b, The large optical 
magnetoelectric effect (OME), i.e. the difference in the absorption coefficient for counter-

propagating beams can be controlled by either the polarization or the magnetization direction [1]. 

Below the Néel temperature two sharp peaks are observed in the THz absorp-
tion spectrum of the Ba2CoGe2O7 when the electric and the magnetic component 
of the light lie within the (001) tetragonal plane (see Fig. 1.a). The absorption peak 
at f~1 THz corresponds to an electromagnon excitation since it is sensitive to the 
direction of both the oscillating electric and magnetic fields, while the mode 
around f~0.5 THz is assigned to be a conventional magnon as its strength changes 
only when the magnetic component of the light is rotated out of the plane. Accord-
ing to the results of exact diagonalization studies [5] and analytical calculations 
[6] the electromagnon mode can be understood as an excitation through the anisot-
ropy gap allowed by the lack of inversion symmetry. 

When the light beam propagates along the [1-10] direction – parallel to the 
cross product of the magnetization, M||[110] and the ferroelectric polarization, 
P||[001],– a large OME effect is observed for the electromagnon excitation as 
shown in Fig.1.b. The ~40% anisotropy of the absorption coefficient can be con-
trolled by the reversal of either the magnetization or the polarization.  



In the non-centrosymmetric crystal structure of Ba2CoGe2O7 a chiral phase cor-
responding to the magnetic point group 22’2’ or 2’22’emerges when the magneti-
zation points toward the [100] or [010] directions, respectively [2]. It means that 
the switching between the left and right handed enantiomers can be realized by 
90° rotation of the magnetization. 

 
Fig. 2. Field induced switching between the chiral enantiomers is demonstrated by the reversal of 

the natural optical rotation [2]. 

In the magnetically induced chiral state natural optical rotation and MChD of 
spin-wave excitations were detected for the first time [2]. In agreement with the 
symmetry considerations the optical activity changes sign when the chirality is re-
versed as shown in Fig. 2.  

Recently, optical magnetoelectric effect has also been demonstrated in manga-
nites [7], thus, we believe that a large variety of multiferroic compounds possesses 
these unique optical functionalities [8] which may find applications in photonics. 
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Shallow donor impurities in silicon, once frozen out at low temperature, share 
many properties in common with free hydrogen atoms [1]. They have long been 
the subject of spectroscopic investigation, but it is only very recently [2,3] that it 
has been possible to investigate the time-domain dynamics of orbital excitations 
such as the 1s to 2p, due to the difficulty of obtaining short, intense pulses in the 
relevant wavelength range. These new techniques make shallow donors (and also 
acceptors [4]) attractive for studying atomic physics effects, and for applications 
in quantum information. We have measured the population dynamics of electrons 
orbiting around phosphorus impurities in commercially-available silicon, and 
shown that the lattice relaxation lifetime is about 200ps, only 1 order of magnitude 
shorter than the radiative lifetime of free hydrogen. 

Coherent oscillation, where many particles cycle in phase, is responsible for 
classical phenomena like the emission of strong radio waves by many individual 
electrons in an antenna. At the quantum scale, coherent superposition of spin po-
larisations are central to Magnetic Resonance Imaging and its analogues, in which 
coherence is excited and then reappears later producing a delayed radio pulse (the 
spin “echo”). Quantum computer logic will also rely on coherence, and spins are 
often chosen as “qubits” because they are only weakly connected to, and disturbed 
by, the environment. Paradoxically, connection with the outside world is crucial 
for control, making charge (i.e. orbital) oscillations in semiconductors attractive. 
We have shown that silicon donor electrons can be put into a coherent superposi-
tion of orbital states that lasts for nearly as long as the lattice relaxation time. Our 
results pave the way for new devices where information is stored in single electron 
orbits (“coherent orbitronics”) in silicon, the material that has dominated the clas-
sical computing industry for half a century. 
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Abstract   We investigate the transport properties of propagating and non-
propagating exchange modes in a 1D magnonic crystal composed of stacked alter-
nating layers of cobalt (Co) and permalloy (Fe20Ni80). We observe that the ex-
change magnons excited with energies lying in the energy gap die as soon as the 
Co layer gets wider.   

Introduction 

Among the metamaterials currently engineered by material’s scientists, the 
magnonic crystals deserve a special attention because they are excellent candi-
dates for the fabrication of nanoscale microwave devices, which are typically ex-
cited by either the application of time-varying external magnetic fields produced 
by microsize antennas [1] or by using the spin-transfer torque [2]. The magnonic 
crystal can be considered as a periodic composite, comprised of different magnetic 
materials so that the wavelengths of propagating modes, spin-waves or magnons, 
are orders of magnitude shorter than those of photons, of the same frequency. This 
feature has an immediate advantage over the electron-based devices for the overall 
demand of ever shrinking circuit units. For this reason, magnonics has become an 
emerging field which aims to control the generation and propagation of infor-
mation carrying magnons in a way analoguous to the control of photons in photon-
ic crystals. We devise applications of magnonics magneto-electronic devices, e.g. 
carrying out logical operations, and also as magnonic waveguides.  

In this article, we study the transport properties of propagating and non-
propagating modes in a 1D magnonic crystal composed of stacked alternating lay-
ers of cobalt (Co) and permalloy (Fe20Ni80). 
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Method and Results 

Our aim is to combine first-principles calculations with atomistic spin dynamics 
simulations to study the evolution in time of the excited magnons of the 1D 
magnonic crystal composed of alternating layers of Co and Py in a simulation box 
of 20x20x100 unit cells. The method is described in Ref. [3] in more detail. We 
map an itinerant electron system onto an effective hamiltonian with classical 
spins, 

  1 

where i and j are atomic indices, mi are the classical atomic moments, and Jij 
are the exchange constants. K represents the strength uniaxial anisotropy field 
along the direction ek.  We used the SPR-KKR package [4]  for calculations of the 
parameters to be used within the generalized hamiltonian of Eq. (1). The damping 
parameter was taken from experimental data (α=0.008) [5].  

We pumped the Py4Con (n=4,6,8) multilayer system with a time-dependent 
magnetic pulse. The pulse was applied just only to the two first rows of the atomic 
layers during 1 ps, which represents 12.5 % of the total simulation time (8 ps). The 
amplitude of the magnetic field was chosen to be 100 T in order to have clear re-
sults for the oscillation of the magnetic moments but it has no net effects in the 
main core results. The system was excited with energies in the permitted and for-
bidden region, i.e. 8 meV and 26 meV for the Py4Co4, 5 meV and 18 meV for the 
Py4Co6, and 25 meV and 44 meV for the Py4Co8, all of them in the THz regime.  

In Fig. 1, we have plotted the dynamical structure factor for the three studied 
multilayer systems. We observe that the exchange magnon relation dispersion is 
quite similar to the one of dipolar magnons for a magnonic crystal. The increase of 
the Co layer width results in a reduction of the first band gap and in an enlarge-
ment of the second and higher order band gaps.  This is in clear contradiction with 
the experiments reported for dipolar magnons [6] because the nature of the ex-
change interaction is different than the dipolar one. This fact has a clear advantage 
over the dipolar magnons, and it is that we can excite higher order modes with less 
energy consumption. 

 

 
Fig. 1. Dynamic structure factor S(q,ω) for the multilayer a) Py4Co4, b) Py4Co6, and c) Py4Co8. 
In the figure “a” stands for the lattice constant and N=100 is the edge length of the simulation 
cell.  
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We plot in Fig. 2 a) the time evolution of the average magnetic moment. The 
results show that during the first picosecond, in which we applied the magnetic 
pulse (yellow area), the system is rapidly demagnetized and after that, it recovers 
very slowly the original magnetization. It is important to notice that as we increase 
the Co layer width, the slope of the curves are less steep and the gap between the 
permitted and forbidden modes reduces so that for the Py4Co8 system the permit-
ted modes are below the forbidden ones.   

In Figs. 2 a)-c), we show the time evolution of the x-component of some se-
lected atomic moments. We used the x-component of the magnetic moment be-
cause the geometry of PyCo multilayers allows the x-component to be considered 
as a good quantum number in the language of quantum mechanics. We observe 
that in the forbidden region of the magnetic spectrum the evanescent exchange 
magnons die faster with the enlargement of the Co layer width, while the modes in 
the permitted region travel along the whole PyCo multilayer system.   

 

 
Fig. 2. Time evolution of the average and x-component of the magnetic moments in panel a) and 
b), c), and d), respectively. The PyCo system is excited with energies lying in the forbidden re-
gion (black line) and in the permitted one (red line). ML stands for monoatomic layer and every 
subpanel represents the number of the ML in which we have measured the magnetic moment.  
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Abstract  Magneto-optical system for the study of nano- and picosecond magneti-
zation dynamics in garnet films by using Faraday or Kerr effects is presented. 
Time resolution of the system is determined by the duration of the laser pulses 
(10 ps) and the response time of the photo-detectors (30 ps). 

Magnetization dynamics in the garnet films is interest for the study of magneto-
optical phenomena, domain structures, photomagnetic effects [1-3]. In the talk, the 
system designed to study the nano- and picosecond dynamics in the garnets will 
be present.  

The system works by using Faraday or Kerr effects. It has been designed for 
study dynamic domains and integral magnetization reversal signals simultaneous-
ly. Mode-locked Nd:YLF laser (  = 1053, 527, 351, 263 nm) with pulse duration 
of 10 ps was used as the light source for pump-and-probe method and for high 
speed photography of dynamic domain structures. Photo-detectors with response 
time of 30 ps were used for registration of integral magnetization reversal signals. 
Time resolution of the system is determined by the duration of the laser pulses and 
the response time of the photo-detectors. The study of garnet films can be realized 
in the temperature range 6 – 350 K due to optical cryostat for microscopy. 

Experiments on the registration of the induction response from the effects of 
linearly polarized picosecond laser pulses onto the single-domain state garnet film 
(fig.1) and circularly polarized laser pulses onto the film with labyrinthine domain 
structure were produced. The initial phase of the response signal is determined ei-
ther orientation of the initial magnetization of the film, or the direction of rotation 
of the electromagnetic field of circularly polarized laser radiation. 

We used method of spatial filtering of optical signals in the diffraction pattern 
of the domain structure [4] to increase the sensitivity when the study of domain 
wall dynamics in small magnetic fields was necessary (fig.2).  

Thus, several modes of operations of magneto-optical system for the study of 
nano- and picosecond magnetization dynamics were realized. 
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Fig. 1. Oscilloscope traces of e.m.f. signal obtained with the induction method for garnet film 
with opposite magnetizations (left, right). A source of linear polarized radiation: 10 ps pulse. 

Y: arb. units, X: 50 ns/div. 

 
Fig. 2. Changes of maximal domain wall displacement X with pulse magnetic field H and corre-

sponding value of the “ballistic” effect ΔX. 
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Abstract   The current-induced spin-wave Doppler shift technique was used to 
measure the degree of spin-polarization of the electrical current in permalloy films 
of thickness 6-20nm. We find that the spin-polarization decreases as the film 
thickness decreases. This is interpreted within the two current model of spin-
polarized transport. 

The understanding of spin-polarized electron scattering in metal ferromagnets is of 
major importance to optimize spintronic devices. Although spin-polarized scatter-
ing by impurities and phonons in the bulk has been described in details in the 
1970’s [1], little is known about spin-polarized scattering by surfaces in simple 
ferromagnetic metal films. To address this issue, we follow the degree of spin-
polarization of the electrical current P=(J↑-J↓)/(J↑+J↓) for permalloy (Ni80Fe20) 
films as a function of their thickness (t=6, 10, 20nm) [2], resorting to the newly 
developed technique of current induced spin wave Doppler shift [3,4] which gives 
direct access to the parameter P. 

Films of composition Al2O3 21nm / Py t / Al2O3 5nm were grown on intrinsic 
silicon substrates by magnetron sputtering. For each film thickness, we fabricated 
a device such as the one shown in figure 1(a). It consists of a permalloy strip and a 
pair of spin-wave antennae allowing one to measure the propagation of spin-
waves with wave-vector k along this strip. Figure 1(b) shows the propagating 
spin-wave signals measured when a DC current I flows along the strip. One ob-
serves clear frequency shifts between the signals measured for the two polarities 
of  I and k. With the help of a suitable symmetry analysis, we can separate the cur-
rent-induced spin wave Doppler shift Δω=PμBJk/-eMs from other contributions 
(namely a current-independent frequency non-reciprocity, and a wave-vector in-
dependent residual Oersted field). 

The degree of spin-polarization P extracted from this analysis is shown in Fig-
ure 2(a). One recognizes a clear decrease as the thickness decreases, from 0.62 at 
20nm to 0.43 at 6nm. Qualitatively, this effect is related to a spin-depolarization 
induced by the surfaces, whose role gets more important as the thickness decreas-
es. For a more quantitative understanding, we propose the two-current model 
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sketched in figure 2(b). The electrical transport is assumed to flow in two nearly 
independent channels corresponding to each spin-direction and the resistivities 
corresponding to the different sources of electron scattering are assumed to add up 
within each channel. 
 
To conclude, we have shown that the current-induced Doppler shift technique 
combined with a suitable two-current analysis could be used to obtain a detailed 
picture of spin-polarized transport in ferromagnetic metal films.  

 

 
Fig. 1. (a) Optical microscope picture of a propagating spin-wave device. (b) Propagating spin-
wave signals measured for k>0 (full) and k<0 (dashed) under I>0 (blue) and I<0 (red). Parame-

ters are t=10nm, k=3.8μm-1 and μ0H0=28mT. 
 

Fig. 2. (a) Degree of spin-polarization of the electrical current as a function of the inverse of the  
film thickness. Open symbols are published values. (b) Two current model accounting for the 

degree of spin-polarization and the resistivity measured on our films. Resistivities are in μ .cm 
and thickness in nm.  
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Abstract   Femtosecond laser pulses are used to excite and measure the magneti-
zation dynamics on a CoFeB magnonic waveguide using the double-modulated 
pump-probe technique.  Damon-Eshbach spin-wave modes are detected on a con-
tinuous film when exciting the magnonic crystal. This suggests that the spin waves 
in the waveguide are induced by the magnonic crystal. 

Introduction 

The development of spin-wave applications such as logic gates which prototype is 
a simple spin waveguide [1] requires the understanding of propagation properties 
of spin waves. In particular, it is important to investigate whether spin-wave 
modes excited on the magnonic crystal can be detected on continuous film and 
how the excitation of these modes can be enhanced. Here we report a promising 
result for magnonic spin-wave computing. 

Sample details and experiment 

In this experimental work, femtosecond laser pulses are used to excite and meas-
ure magnetization dynamics on a magnonic waveguide, consisting of a 13,01 m 
wide defect line in a rectangular CoFeB antidot lattice, oriented either perpendicu-
larly or at 45° to the external magnetic field.  Samples were prepared by magne-
tron sputtering continuous 50 nm thick CoFeB film, where later the antidot lattice 
was milled using Focused Ion Beam (FIB) technique. CoFeB is a very promising 
material for magnonic devices because of its very low damping (Gilbert damp-
ing =0.006) and long spin wave-propagation of ~100 m. 

 Spin waves are excited by an intense (13 mJ/cm2) pump pulse that locally rais-
es the temperature of the sample, creating an effective anisotropy field pulse and 
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subsequently triggering the magnetization precession around an equilibrium posi-
tion. Dynamic magnetization precession is detected also optically using time-
resolved MOKE technique described elsewhere [2].   

Propagation properties of spin waves in the waveguide for each orientation case 
(90° or 45° to the bias magnetic field) are investigated by systematically exciting 
the sample along the waveguide or from the continuous film.  

Magnetization precession on the waveguide was measured during 1 ns after the 
arrival of the excitation pulse, and Fourier-transformed to detect fundamental fre-
quencies of this oscillation at different magnetic fields (spin-wave spectra). Fur-
thermore the pump beam was displaced either along the waveguide or into the 
continuous film, and the relative Fourier power amplitude of each mode was ob-
tained. 

 
Fig 1. Magnetization dynamics spectra on a magnonic CoFeB waveguide a) perpendicular  and 
b) 45° to external magnetic field. The wave vector of the Damon-Eshbach (DE) mode is deter-

mined by reciprocal lattice vector /a. 
 

Results and discussion 

At each orientation of the magnetic field, spin-wave spectra of the waveguide 
show the same modes as rectangular CoFeB antidot lattice, namely, Damon-
Eshbach (DE) surface mode, perpendicular spin standing wave (PSSW) and Kittel 
uniform precession (90° orientation only) in agreement to the previously reported 
results and parameters [3] as showed in Fig1.     This suggests that the spin waves 
in the waveguide are induced by the antidot lattice. This was confirmed by the fact 
that when exciting the sample on the antidot lattice only, the same modes are de-
tected on the waveguide.  



 
Fig 2. Relative FFT power amplitude as pumping from the waveguide or continuous film at 

130 mT external magnetic field. 
 

The magnonic modes propagate both into the waveguide and continuous film, 
although DE mode is not normally present in the continuous CoFeB thin film 
spectra [3]. The propagation is enhanced when propagating into the waveguide. 
Moreover, at 45° to the external magnetic field orientation, the DE mode propaga-
tion length into the waveguide is larger compared to 90°-orientation case. This can 
be understood by the specific symmetry of band structure of square lattice 
magnonic crystals with in-plane magnetization [3]. Thus we present the first proof 
of our ideas that magnonic waveguide modes can propagate and their propagation 
can be simply manipulated by the direction of the applied magnetic field. 
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Abstract   Here we report about the formation of topologically protected 
Skyrmions through illumination of a thin metallic film with short laser pulses 
(about 150 fs). By tuning the laser fluence it is possible to change the topological 
properties of the created structure. 

Skyrmions, originally introduced to explain how baryons could topologically 
emerge from a continuous meson field [1], have found many exciting applications 
in condensed-matter physics, where they describe topological states of matter in a 
wide range of systems [2]. Topological states in solids are attracting increasing at-
tention because of their potential practical applications in a whole new range of 
electronic and magnetic applications and possibly also for quantum computation 
[3,4].  

In this Proceeding, we report the totally unexpected discovery of the creation of 
a new type of magnetic Skyrmions in a ferrimagnet film generated without any ex-
ternal field and with the help of an ultrashort laser pulse. The resulting Skyrmions 
have much larger sizes than previously reported [5] structures and their observa-
tion is possible with scanning near-field optical microscopy (SNOM). With this 
new approach, the created and observed Skyrmions and Skyrmion-bound states of 
a Skyrmion-antiSkyrmion pair are of submicron dimension and very stable in 
time. Moreover, by varying the laser fluence we are able to control the size of the 
Skyrmions and their topological order [6].  

In our experiment we have first prepared a thin Tb22Fe69Co9 ferrimagnetic alloy 
film (thickness = 20 nm) in a state consisting of large stripes with out-of-plane 
magnetization, obtained by applying a magnetic field of about 1 T in the direction 
perpendicular to the film plane and simultaneously heating the sample with a laser 
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beam (spot diameter 50 m, λ = 800 nm). We have then irradiated these stripes 
with 150 fs single laser pulses (spot diameter 2 m, λ = 800 nm). The sample 
was kept at room temperature. A fundamental difference in the experimental con-
ditions with respect to previous works [7-9] is that no external magnetic field was 
applied during this step. Finally, we mapped the out-of-plane component of the lo-
cal magnetization with sub-diffraction resolution by measuring the Faraday rota-
tion of linearly polarized light (λ = 635 nm) transmitted through the film from a 
hollow pyramid tip (aperture diameter: 100 nm) that was scanned over the sam-
ple [10]. The Faraday rotation, i.e. the rotation of the plane of polarization of line-
arly polarized light traveling through a magnetic material, is proportional to the 
component of the magnetization in the direction of propagation. Therefore, by 
scanning the tip over the sample we are able to obtain a map of the out-of-plane 
component of the local magnetization with sub-diffraction resolution. 

As shown in Fig. 1a, magnetic “bubbles” are obtained after single laser pulse 
irradiation with a pulse energy density of about 5 mJ/cm2. Within experimental 
accuracy, these sub- m magnetic domains display a local magnetization in their 
center that is completely reversed with respect to the one of the surrounding mate-
rial, meaning that these structures are indeed Skyrmions. Their radius depends on 
the energy of the single laser pulse that has been used to create them and can be as 
small as 100 nm. The observation that such Skyrmion structures can be created on 
the same sample with opposite magnetization orientations rules out the possibility 
that their stabilization could be mediated by the possible presence of uncontrolled 
external sources of magnetic fields and/or by the Earth field. Moreover, their life-
time is very long as they have not shown any noticeable change when they were 
imaged several months after the first measurement. 

As anticipated, the isolated Skyrmions described above are not the only struc-
tures related to topological states that can be created in TbFeCo films. At higher 
laser fluences with respect to those leading to Skyrmion generation (corresponding 
to an energy density up to 7 mJ/cm2 for each single laser pulse) we observe the 
formation of “doughnut”-shaped magnetic domains like the one shown in Fig. 1b. 
In these structures the magnetization in the center is the same as the one of the sur-
rounding medium, and it is completely reversed in the annular region around the 
core. This texture can be viewed as two Skyrmions with opposite topological 
numbers (i.e. a Skyrmion and an antiSkyrmion) nested one into the other. This 
gives a state with zero Skyrmion number, corresponding to a nontopological 
soliton. Such an arrangement can be named Skyrmionium (Sk), in analogy with 
states of matter constituted by a particle bound to its antiparticle [11].  

Although the current structures leave room for improvements as far as film 
homogeneity and control of sizes is concerned, the present results clearly demon-
strate that by illuminating a thin TbFeCo film with single ultrafast laser pulses we 
can locally create stable magnetic configurations corresponding to spin textures 
characterized by well-defined topological quantum numbers. By tuning the laser 
fluence we can control the topology and create various bound states of Skyrmion 
molecules (Skyrmion “chemistry”). An important feature is that, at variance from 



the topological magnetic excitations observed by previous works, the ones report-
ed here are stable even in the absence of an externally applied magnetic field. The 
ability of controlling the dimension and the number of Skyrmions or 
antiSkyrmions created during a single laser illumination event and the fact that 
such structures are topologically protected and thus intrinsically stable might have 
far reaching implications for the further development of non-volatile high-density 
magnetic recording and long term memories of the next generation. 

 

Fig. 1. Laser-induced (a) Skyrmion and (b) Skyrmionium mapped by the use of Scanning Near-
Field Optical Microscopy [6].  
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Abstract  Using ab initio calculations we computed the ultrafast demagnetization 
that can be achieved by Elliott-Yafet electron-phonon spin-flip scatterings in laser-
excited ferromagnets. Our calculations show that nonequilibrium laser-created dis-
tributions contribute mostly to the ultrafast demagnetization. Nonetheless, the total 
Elliott-Yafet contribution is too small to account for the fs-demagnetization. 

More than a decade ago it was discovered    that excitation of a metallic 3d 
ferromagnet with an intensive femtosecond laser-pulse causes an ultrafast demag-
netization within 300 fs [1]. In spite of the huge technological potential of this dis-
covery the mechanism underlying the femtosecond demagnetization could not yet 
be uncovered and remains a controversial issue [2-5]. Several theories have been 
proposed – mostly based on the assumption that there must exist some form of an 
ultrafast channel for the dissipation of spin angular momentum [6-9]. A different 
rationale is to consider ultrafast transport of highly mobile, laser-excited spin-
polarized electrons [10]. Such spin transport in the superdiffusive regime could ef-
fectively cause demagnetization, by transporting spins rapidly out of the laser-
excited region. 

Clearly, further developments of theory and experiment are needed to discrimi-
nate between the various proposed models and eliminate some of them. On the 
experimental side experiments need to be devised which can distinguish whether 
an occurring spin-flip (SF) was actually due to scattering with a phonon, magnon, 
or other quasi-particle. On the theory side it is needed to compute ab initio the SF 
scattering rate due to electron-phonon or electron-magnon scattering, but such cal-
culations can be regarded as a tour-de-force at the current forefront of the field. 
Conversely, ultrafast transport of spin angular momentum by laser-excited hot 
electrons can be detected by specially constructed element-sensitive experiments. 
Several experiments in this direction have been reported recently [11-13]. 
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One of the prominent mechanisms proposed recently to provide a very fast SF 
channel is the Elliott-Yafet electron-phonon SF scattering [9]. Estimations of the 
effectiveness of electron-phonon SF scattering were given within the Microscopic 
Three Temperature Model (M3TM). Several of the demagnetization ratios were 
large (up to 50%), and could be reproduced by the M3TM when SF probabilities 

sf of about 0.15 to 0.20 were assumed in the fits. Such magnitudes of SF proba-
bilities were supported by calculations based on the Elliott approximation [9]. As 
a large demagnetization was already estimated for the thermalized electron sys-
tem, it was concluded that highly excited nonequilibrium(NEQ) electron distribu-
tions can be disregarded for explaining the ultrafast magnetization dynamics.  

To establish accurately the contribution ofthe Elliott-Yafet electron-phonon SF 
scattering to fslaser-induced demagnetization,we have developed an ab initio theo-
ry [14] on the basis of a generalized Eliashberg function, which describes the elec-
tron-phonon scattering. We use the relativistic bandstructure, which has been ob-
tained from density functional theory calculations. Also the employed phonon 
dispersions have been ab initiocomputed. A similar investigation was recently car-
ried out by Essert and Schneider [15]. 

 For the description of laser-excited metals we introduce as central quantity a 
generalized energy- and spin- dependent Eliashberg function, ass '

2 F(E,W),where 
´ are the spin indices pertaining to the electron states in the scattering, E the 

energy with respect to the Fermi energy (EF), and  is the phonon energy (which 
can be negative for phonon absorption). The energy dependence is required to 
treat three distinct situations: 1) the 3dferromagnet at low-temperature equilibri-
um, 2) the case of hot electrons in the thermalized electron regime, and 3) the case 
of laser-excited electrons in strong NEQ. In the conventional Eliashberg formula-
tion the electron-phonon scattering occurs practically at EF. After laser irradiation 
however there is initially a considerable redistribution of electrons, creating many 
holes at energies deep below EF as well as a population of hot electrons above EF; 
this is a strongly NEQ distribution which cannot be described by any Fermi-Dirac 
distribution. Through electron-electron scattering these electrons thermalize in 
some 200-300 fs and can then be described by a Fermi-Dirac distribution with a 
high electron temperature Te. Note that the electrons and phonon system have not 
yet thermalized with one another; the electron-lattice thermalization requires a few 
picoseconds in Ni [16]. 

Once the spin-dependent Eliashberg functions have been computed, we can 
straightforwardly compute spin-resolved transition rates Sss ' which, for conven-
ience, we separate in the spin-decreasing rate S–and spin-increasing rateS+. It is 
important to note that not all SF electron-phonon scattering events lead to a reduc-
tion of the moment, they can equally well cause an increase of the moment. The 
total SF probability is hence given by PS S–+S+ but for the actual demagnetization 
the balance of spin-decreasing and -increasing rates is essential, which is given by 
a normalized demagnetization ratio,DS S–-S+. Demagnetization follows from 
dM dt = 2mB (S

- -S+). Note that the total SF probability PS does not enter.  



The developed theory has been used to compute SF probabilities and amounts 
of demagnetization for bcc Fe and fcc Co and Ni [17]. The results are collected in 
Table 1. The calculations reveal, first, that there exists a large difference between 
PS and DS; a factor of 10 is not uncommon, but it is less for laser-created NEQ dis-
tributions. An essential quantity is the demagnetization fraction, 0, given in 
% per 250 fs. The latter number stems from the experimental fact that within 
about 250 fs the electrons have thermalized and the NEQ distribution has van-
ished. As can be recognized, the demagnetization amount for hot electrons in the 
electron-thermalized regime, even with a high Te, is just a few percent per 250 fs. 
This is clearly much less than the experimentally observed demagnetizations. A 
larger net demagnetization is computed for NEQ distributions, but also this contri-
bution is not sufficient to explain the measured ultrafast demagnetization. 

Table 1.  Ab initio calculated spin-flip probabilities PS, demagnetization ratios DS, and demag-
netization fractions 0, given in percent as per 250 fs, for Fe, Co, and Ni. 

 PS DS ∆M/M0 
Fe (low Tequil.) 0.04 0 0 
Fe (Te = 3000K) 0.09 0.008 4.5 
Fe (NEQ) 0.07 0.030 11.4 
Co (low Tequil.) 0.01 0 0 
Co (Te = 3000K) 0.017 0.002 0.9 
Co (NEQ) 0.022 0.010 2.3 
Ni (low Tequil.) 0.04 0 0 
Ni (Te = 3000K) 0.07 0.003 3.1 
Ni (NEQ) 0.09 0.025 16.7 

 
Several observations can be made. It is remarkable that the outcome of the ab 

initio calculations is precisely opposite to that of the M3TM simulations, which 
stipulated that NEQ distributions could be fully disregarded [9]. We obtain con-
versely a non-negligible contribution of NEQ distributions (but a negligible one 
from thermalized distributions), which is due to a large SF scattering amounting 
from energetically deep states beneath EF. The surprising disparity between our ab 
initio calculations and the M3TM has been related recently to the fact that the 
here-employed band structure is “static” or “rigid” [18], where“rigid”is used to 
imply that the exchange splitting in first-order approximation remains unchanged. 
Note however that for metals like Fe the reduction of exchange splitting even at 
Curie temperature is almost negligible, and for Ni it is still quite small [19]. There-
fore our model is actually much more realistic than the assumption of completely 
vanishing exchange splitting at the Curie temperature as used in Ref. 18. Our cal-
culations do pertain to the first part of the demagnetization process where the oc-
curring SFs have not yet given rise to second order changes in the magnetization. 
However, as we shall detail in a forthcoming publication, the origin of the large 
difference can be related to several other factors. One of these can already be rec-
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ognized from Table 1. The thermalized SF probabilities sf (used in [9]) are about 
0.15 for Co and 0.185 for Ni; we obtained smaller values (PS=0.02 for Co and 
0.07 for Ni), however, as explained above, the essential quantity DS is only 0.003, 
i.e., much smaller. In addition there is an important difference in how the energy 
of the electron is changed in an electron-phonon scattering process, which also 
contributes to the much higher demagnetization ratios estimated in the M3TM.  

In conclusion, ultrafast Elliott-Yafet electron-phonon SF scattering does con-
tribute to femtosecond laser-induced demagnetization, but it cannot explain the 
magnitude of the phenomenon. Other contributions need to be considered, such as 
superdiffusive spin transport or other channels for ultrafast spin dissipation.  
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Abstract   We analyze the ultrafast demagnetization after ultrashort laser excita-
tion by a kinetic model based on Elliott-Yafet scattering processes. By applying 
complete Boltzmann scattering integrals we trace the majority and minority elec-
trons as well as phonons in the sample. Additionally, we allow for dynamical 
changes in the exchange splitting between majority and minority electrons. We 
find that our model has the potential to describe the magnetization dynamics and 
provides insights in the relaxation dynamics of the non-equilibrium electron sys-
tem. 

It is experimentally well established that irradiating ferromagnetic films with an 
ultrashort laser pulse leads to a quenching of the magnetization on a sub-
picosecond timescale [1–4]. Since the discovery of the ultrafast demagnetization 
in a nickel film in 1996, there are intense discussions about the fundamental mi-
croscopic mechanism of this ultrafast process [5– 14] and a lot of experiments on 
permalloys [15], Heusler alloys [16] and multilayers [17] have been performed to 
investigate this effect in more detail. There are several proposals for the underly-
ing microscopic mechanism such as, for instance, spin-flip scattering due to elec-
tron-electron [11, 16, 18], electron-phonon [2, 18–20] as well as electron-magnon 
[6, 21] interactions, coherent processes [5, 22] and superdiffusive transport [7, 10, 
17, 23, 24]. Recently, “superdiffusive transport” has been introduced in 2010 by 
Battiato et al. [10] and seems to be a promising way to describe the magnetization 
dynamics for bulk or multilayer systems. However, we show that also the Elliott-
Yafet scattering can describe the demagnetization in thin films and conclude that 
one has to consider both effects for a consistent model of ultrafast demagnetiza-
tion dynamics. 

In this work we use a dynamical approach to Elliott-Yafet [25] type spin-flip 
scattering that includes electron-electron and electron-phonon interactions at the 
level of Boltzmann scattering integrals [18, 26, 27] as well as an effective spin-
mixing b2 due to the spin-orbit interaction [18]. We directly calculate the micro-
scopic time, energy and spin dependent distributions functions f , (E, t) for major-
ity and minority electrons by using energy resolved scattering integrals and mate-
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rial-specific spin-dependent densities of states. The corresponding Boltzmann 
equation has the form 

  

- -
 1a 

 
-

 1b 

with , }denoting the spin state and  indicating the electron-
electron and electron-phonon Boltzmann collision integral corresponding to the 
respective index. The notation  and  indicates the dependence of the distribu-
tion functions and, consequently, the Boltzmann scattering rates on the exchange 
splitting via the shifted energy dispersions for spin-up and spin-down electrons in 
a Stoner model. Importantly, we include a dynamic exchange splitting 

(t) = UeffM(t) between the majority and minority density of states which is calcu-
lated by an effective Coulomb interaction Ueff which determines the Curie temper-
ature and the transient magnetization [28]. 

In the framework of our model, in which the band structure is characterized by 
majority and minority densities of states and the dynamical exchange splitting, we 
study the importance of the equilibration of temperatures and chemical potentials 
between majority and minority carriers in the ultrafast magnetization dynamics. 

As a result, Fig. 1 illustrates several simulations for a nickel density of states 
[29] for different spin-mixing parameters b2 and the Curie temperatures TC. The 
Gaussian laser pulse with FWHM of  = 50 fs has a wavelength of 800 nm and a 
fluence of 3:5 mJ=cm2. 

 
Fig. 1. Ultrafast magnetization dynamics for different the spin-mixing parameters b2 (with con-

stant TC = 631 K) and Curie temperatures TC with constant b2 = 0:05. 
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We conclude that both superdiffusive transport and Elliott-Yafet type scattering may play a 
considerable role in ultrafast demagnetization dynamics. With our model, we show that the dy-
namical exchange splitting yields a much larger quenching of magnetization than what is possi-
ble in a fixed band structure [19]. 

Acknowledgments   Financial support of the Deutsche Forschungsgemeinschaft through the 
Emmy-Noether and Heisenberg Programm as well as the AHRP for providing the computational 
facilities is gratefully acknowledged. 

References 

[1] E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot, Phys. Rev. Lett. 76, 4250 (1996). 
[2] B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf, M. Fähnle, T. Roth, M. Cinchetti, 

and M. Aeschlimann, “Explaining the paradoxical diversity of ultrafast laser-induced demag-
netization” Nature Materials 9, 259 (2010). 

[3] C. Stamm, T. Kachel, N. Pontius, R. Mitzner, T. Quast, K. Holldack, S. Khan, C. Lupulescu, 
E. F. Aziz, M. Wietstruk, H. A. D¨urr, and W. Eberhardt, “Femtosecond modification of elec-
tron localization and transfer of angular momentum in nickel” Nature Materials 6, 740 
(2007). 

[4] M. Cinchetti, M. S´anchez Albaneda, D. Hoffmann, T. Roth, J.-P. W¨ustenberg, M. Krauß, 
O. Andreyev, H. C. Schneider, M. Bauer, and M. Aeschlimann, “Spin-Flip Processes and Ul-
trafast Magnetization Dynamics in Co: Unifying the Microscopic and Macroscopic View of 
Femtosecond Magnetism” Phys. Rev. Lett. 97, 177201 (2006). 

[5] J.-Y. Bigot, M. Vomir, and E. Beaurepaire, “Coherent ultrafast magnetism induced by femto-
second laser pulses” Nature Physics 5, 515 (2009). 

[6] E. Carpene, E. Mancini, C. Dallera, M. Brenna, E. Puppin, and S. De Silvestri, “Dynamics of 
electron-magnon interaction and ultrafast demagnetization in thin iron films” Phys. Rev. B 
78, 174422 (2008). 

[7] G. P. Zhang and W. Hübner, “Laser-Induced Ultrafast Demagnetization in Ferromagnetic 
Metals” Phys. Rev. Lett. 85, 3025 (2000). 

[8] N. Kazantseva, U. Nowak, R.W. Chantrell, J. Hohlfeld, and A. Rebei, “Slow recovery of the 
magnetisation after a sub-picosecond heat pulse” Europhysics Letters 81, 27004 (2008). 

[9] B. Koopmans, J. J. M. Ruigrok, F. Dalla Longa, and W. J. M. de Jonge, “Unifying Ultrafast 
Magnetization Dynamics” Phys. Rev. Lett. 95, 267207 (2005). 

[10] M. Battiato, K. Carva, and P. M. Oppeneer, “Superdiffusive Spin Transport as a Mechanism 
of Ultrafast Demagnetization” Phys. Rev. Lett.  105, 027203 (2010). 

[11] M. Krauss, T. Roth, S. Alebrand, D. Steil, M. Cinchetti, M. Aeschlimann, and H. C. Schnei-
der, “Ultrafast demagnetization of ferromagnetic transition metals: The role of the Coulomb 
interaction” Physical Review B 80, 180407 (2009). 

[12] D. Steiauf and M. F¨ahnle, “Elliott-Yafet mechanism and the discussion of femtosecond 
magnetization dynamics” Phys. Rev. B 79, 140401 (2009). 

[13] D. Steiauf, C. Illg, and M. F¨ahnle, “Demagnetization on the fs time-scale by the Elliott-
Yafet mechanism” Journal of Physics: Conference Series 200, 042024 (2010). 

[14] M. Fähnle, J. Seib, and C. Illg, “Relating Gilbert damping and ultrafast laser-induced de-
magnetization” Phys. Rev. B 82, 144405 (2010). 

[15] S. Mathias, C. La-o vorakiat, P. Grychtol, P. Granitzka, E. Turgut, J. M. Shaw, R. Adam, H. 
T. Nembach, M. E. Siemens, S. Eich, C. M. Schneider, T. J. Silva, M. Aeschlimann, M. M. 
Murnane, and H. C. Kapteyn, “Probing the timescale of the exchange interaction in a ferro-
magnetic alloy” PNAS 109, 4792 (2012). 

118 B.Y. Mueller et al.



[16] D. Steil, S. Alebrand, T. Roth, M. Krauß, T. Kubota, M. Oogane, Y. Ando, H. C. Schneider, 
M. Aeschlimann, and M. Cinchetti, “Band-Structure-Dependent Demagnetization in the 
Heusler Alloy Co2Mn1−xFexSi” Phys. Rev. Lett. 105, 217202 (2010). 

[17] D. Rudolf, C. La-O-Vorakiat, M. Battiato, R. Adam, J. M. Shaw, E. Turgut, P. Maldonado, 
S. Mathias, P. Grychtol, H. T. Nembach, T. J. Silva, M. Aeschlimann, H. C. Kapteyn, M. M. 
Murnane, C. M. Schneider, and P. M. Oppeneer, “Ultrafast magnetization enhancement in 
metallic multilayers driven by superdiffusive spin current” Nature comm. 3, 1037 (2012). 

[18] B. Y. Mueller, T. Roth, M. Cinchetti, M. Aeschlimann, and B. Rethfeld, “Driving force of 
ultrafast magnetization dynamics” New Journal of Physics 13, 123010 (2011). 

[19] S. Essert and H. C. Schneider, “Electron-phonon scattering dynamics in ferromagnetic met-
als and their influence on ultrafast demagnetization processes” Phys. Rev. B 84, 224405 
(2011).  

[20] K. Carva, M. Battiato, and P. M. Oppeneer, “Ab Initio Investigation of the Elliott-Yafet 
Electron-Phonon Mechanism in Laser-Induced Ultrafast Demagnetization” Phys. Rev. Lett. 
107, 207201 (2011). 

[21] A. B. Schmidt, M. Pickel, M. Donath, P. Buczek, A. Ernst, V. P. Zhukov, P. M. Echenique, 
L. M. Sandratskii, E. V. Chulkov, and M. Weinelt, “Ultrafast Magnon Generation in an Fe 
Film on Cu(100)” Phys. Rev. Lett. 105, 197401 (2010). 

[22] G. Lefkidis, G. Zhang, and W. Hübner, “Angular Momentum Conservation for Coherently 
Manipulated Spin Polarization in Photoexcited NiO: An Ab Initio Calculation” Phys. Rev. 
Lett. 103, 217401 (2009). 

[23] A. Eschenlohr, M. Battiato, P. Maldonado, N. Pontius, T. Kachel, K. Holldack, R. Mitzner, 
A. Föhlisch, P. M. Oppeneer, and C. Stamm, “Ultrafast spin transport as key to femtosecond 
demagnetization” Nature materials 12, 332 (2013). 

[24] M. Battiato, K. Carva, and P. M. Oppeneer, “Theory of laser-induced ultrafast 
superdiffusive spin transport in layered heterostructures” Phys. Rev. B 86, 024404 (2012). 

[25] I. Žutić, J. Fabian, and S. Das Sarma, “Spintronics: Fundamentals and applications” Re-
views of Modern Physics 76, 323 (2004). 

[26] B. Rethfeld, A. Kaiser, M. Vicanek, and G. Simon, “Ultrafast dynamics of nonequilibrium 
electrons in metals under femtosecond laser irradiation” Phys. Rev. B 65, 214303 (2002). 

[27] B. Y. Mueller and B. Rethfeld, “Relaxation dynamics in laser-excited metals under 
nonequilibrium conditions” Phys. Rev. B 87, 035139 (2013). 

[28] W. Nolting and A. Ramakanth, Quantum Theory of Magnetism (Springer, 2009). 
[29] Z. Lin, L. V. Zhigilei, and V. Celli, “Electron-phonon coupling and electron heat capacity of 

metals under conditions of strong electron-phonon nonequilibrium” Phys. Rev. B 77, 075133 
(2008). 

Relaxation dynamics of majority and minority electrons … 119



A local approach to ultrafast magnetization 
dynamics in ferromagnetic transition metals 

W. Töws and G.M. Pastor 

Institut für Physik, Universität Kassel, Heinrich-Plett-Straße 40, 34132 Kassel, Germany 

wtoews@uni-kassel.de  

Abstract   A many-body theory of femtosecond laser-induced magnetization dy-
namics in itinerant ferromagnets is presented, which includes Coulomb and spin-
orbit interactions, as well as interatomic hybridizations on the same footing. Ap-
plications to small systems demonstrate that ultrafast demagnetization can be un-
derstood as a purely electronic spin-orbit coupling triggered mechanism. 

Introduction 

The phenomenon of laser-induced ultrafast demagnetization of ferromagnetic 
transition metals has been revealed by pioneering experiments almost two decades 
ago [1]. Since then several pump and probe experiments on thin films have shown 
that a breakdown of the magnetic order occurs after the absorption of an intense fs 
laser pulse on a time scale of about 100 fs. Despite a large amount of experimental 
and theoretical work aiming to explain the microscopic origin of such an ultrafast 
demagnetization [2,3,4,5], the underlying mechanisms are not thoroughly under-
stood. Most of the theoretical approaches in this field are based on the Elliott-
Yafet spin-flip scattering mechanism [6], which relies on a single-particle band-
like or delocalized description of the electronic states. This appears to be a con-
ceptual limitation, since magnetism in d-electron systems is known to be a many-
body effect, which results from non-trivial electronic correlations favoring the 
formation of local magnetic moments. 

The purpose of this work is to present a local perspective to the problem of la-
ser-induced ultrafast demagnetization, which is expected to complement the most 
common k-space approaches. To this aim we consider a many-body Hamiltonian 
which takes into account hybridizations, Coulomb interactions and spin-orbit cou-
pling (SOC) on the same footing [7]. The model is solved by including the elec-
tron correlations and the local magnetic degrees of freedom resulting from them. 
In this approach the transfer between spin S and orbital angular momentum L as 
well as its interplay with the electronic motion in the lattice are treated exactly 
within the model. 
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Electronic many-body model 

A many-body model of the relevant valence electrons is used to describe the laser-
induced magnetization dynamics. The corresponding lattice Hamiltonian 

  (1) 

takes into account various electronic contributions on the same footing: H0 de-
scribes the single-particle electronic structure in the tight-binding approximation. 
It is responsible for electron delocalization, band formation and metallic behavior. 
HC models the electron-electron interactions by focusing on the dominant intra-
atomic Coulomb repulsion within the 3d orbitals. This term introduces the correla-
tions between the electrons and, in particular, leads to the formation and stabiliza-
tion of local magnetic moments at the different atoms. HSO is the SOC, which is 
ultimately responsible for the transfer of angular momentum between spin and or-
bital degrees of freedom. Finally, Hext(t) represents the intra-atomic dipole approx-
imation. It accounts for the initial laser excitation. 

Notice that the lattice degrees of freedom (phonons) are not taken explicitly in-
to account. This is motivated by two main reasons. First, we expect that at the fs 
time scale the electrons can be decoupled from the much slower lattice dynamics. 
Second, it is fundamentally important to understand the role of the spin relaxation 
on a purely electronic level and the role of SOC triggered angular momentum 
transfer from S towards L in the ultrafast demagnetization. In this context it is 
worth to observe that as a result of H0 angular momentum is transferred from the 
atomic orbits to the lattice. 

Results and discussion 

The many-body model (1) has been used to determine the time evolution of the 
spin relaxation exactly. In order to keep the numerical effort affordable, we have 
reduced the number of atomic orbitals that are explicitly taken into account in the 
dynamics: from 5 to 3 for the 3d and from 3 to 1 for the 4p orbitals. Moreover, a 
small cluster having N = 3 atoms and periodic boundary conditions is considered. 
The results for the initially ferromagnetic state subject to a fs laser pulse show that 
the spin Sz decreases by a factor ½ during the first few hundreds of femtoseconds 
following the absorption. At the same time the orbital angular momentum Lz re-
mains almost quenched. The local magnetic moments remain stable throughout 
the relaxation process. 

These theoretical results suggest an alternative interpretation of the microscopic 
demagnetization mechanism. The laser pulse pumps energy into the electronic 
system, creates a cloud of excited electrons and opens an important number of 



channels for spin-to-orbital relaxation. Since the SOC conserves the total angular 
momentum, angular momentum is transferred locally from S towards L on a time 
scale of several tens to hundreds of femtoseconds. However, L is subsequently 
quenched by the crystal field due to electronic hoppings throughout the lattice. 
This takes place on a time scale of a few femtoseconds, i.e., almost instantaneous-
ly in the time scale of the experiment. The combination of these two effects results 
in a demagnetization within a few hundred femtoseconds. 

One concludes that the essential microscopic mechanism can be regarded as lo-
cal: the SOC acts indeed locally at atomic sites. Therefore, we expect this purely 
electronic mechanism to have universal validity in ferromagnetic transition metals. 
Finally, the stability of local magnetic moments indicates that the ultrafast demag-
netization can be traced back to local fluctuations of magnetic moments in their 
orientation. This means that many-body correlations play an essential role for the 
magnetization dynamics on the ultrashort time scale. 
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Abstract   The exchange interaction determines the ordering of microscopic spins 
in magnetic materials. While often considered static, here we report calculations 
of time-dependent nonequilibrium exchange interactions in a Mott insulator. The 
results suggest that free charge carriers created by (photo) excitation can cause an 
ultrafast quench of the exchange interaction. 

The ordering of microscopic spins in magnetic materials is determined by the ex-
change interaction, the strongest force in magnetism. Ultrafast magnetism is asso-
ciated with the dynamics of magnetism on a timescale comparable, or smaller, 
than the timescale set by the period of spin motion in the exchange field. The ex-
change interaction itself is rooted in the Coulomb interaction between the elec-
trons and hence can possibly be controlled directly by a laser-excitation. Neverthe-
less, many experimental results, including laser-induced ultrafast demagnetization 
[1] and magnetization reversal [2], can be modeled by considering the exchange 
interaction as essentially unchanged by the laser-excitation [3, 4]. As a conse-
quence, the dynamics of the exchange interactions under electronic nonequilibrum 
conditions has so far largely been ignored in the study of ultrafast magnetism. 

In this contribution we address the problem of nonequilibrium exchange inter-
actions by combining two recent major methodological developments. Simulating 
the dynamics of interacting electrons out of equilibrium has become possible ow-
ing to the nonequilibrium extension of dynamical mean field theory [5,6]. When 
applied to the magnetically ordered case [7,8], this framework allows for the direct 
evaluation of time-dependent effective exchange interactions, using the formal ex-
pressions that have recently been derived by A. Secchi and coworkers [9], by a 
generalization of the well-known formulas for the exchange interaction in the stat-
ic case [10,11]. 
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Mathematical framework 

The nonequilibrium exchange interactions are defined within the framework of the 
Kadonoff-Baym formalism, where the fundamental object is the Greens function 

  1 

This Green's function describes the electronic single-particle excitations in a 
system that is initially in equilibrium, and whose time-evolution explicitly in-
cludes all external perturbations such as the pump laser pulse. Here ,  label site 
and orbital indices,  is the spin index, ( ) is a creation (annihilation) op-
erator of electrons and  are times on a L-shaped contour  as defined by the 
time-evolution operator.  ensures the appropriate time ordering of the operators 
along . Note that under nonequilibrium conditions time-translation invariance is 
lost and hence the Greens function depends on the two times t and t’ separately. 
To calculate the actual dependence of the Greens function on the two times we 
need to solve the Dyson equation: 

  2 

Here all quantities are matrices in the site, spin and orbital indices,  denotes 
convolution over the contour and  is a differential operator on the contour with 
site and orbital matrix elements defined as 

  3 

Here  are the hopping matrix elements that can be time-dependent due to 
an externally applied field and  is the chemical potential. Further 

 and we have defined the self-energy Sigma , which stems 
from the interactions between the electrons. In the DMFT approximation the self-
energy is local in space, but it keeps time-nonlocal correlations. Within this 
Kadonoff-Baym formalism, exchange interactions are defined as the objects that 
appear after rotating the local quantization axes of the spins by a small angle from 
a given magnetically ordered reference state. Subsequent averaging over electron-
ic states yields a symmetric spin-spin interaction that can be written as [9]: 

 

 

Here the convolutions involve the quantities  
and . 



Comparison of the nonequilibrium exchange interaction with the well-known 
static equilibrium exchange interaction is possible when the system evolves to a 
quasi-stationary nonequilibrium state. In this case the dependence on relative time 

 is much faster than the dependence on average time . Inte-
gration over relative time then gives effective time-dependent nonequilibrium ex-
change interactions that depending on average time  only.  

Results 

To investigate nonequilibrium exchange interactions we choose the prototype 
Mott-Hubbard insulator, which displays antiferromagnetic order for sufficiently 
low temperatures. In this system, (photo) excited electron and hole-like charge 
carriers can have a relatively slow recombination rate, i.e., they live long enough 
such that a quasi-stationary nonequilibrium magnetic state can be established [8].  
Our calculations of the time-dependent nonequilibrium exchange interactions sug-
gest that such slowly decaying charge carriers cause an ultrafast quench of the ef-
fective exchange interaction. 
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Magnetic ordering and related phenomena are of essentially quantum and essen-
tially many-body origin and require strong enough electron-electron interactions 
[1]. Also, they are very sensitive to the details of electronic structure of specific 
materials [2]. This makes a truly microscopic description of exchange interactions 
a challenging task. Usually, one cannot use any natural perturbation parameters re-
lated with the strength of interactions. Long ago we suggested a general scheme of 
calculations of exchange interactions responsible for magnetism based on the 
“magnetic force theorem”, when one considers a response of a system on small ro-
tations of spins with respect to a (collinear) ground state magnetic configuration 
[3,4]. It was formulated originally as a method to map the spin-density functional 
to effective classical Heisenberg model, the exchange parameters turned out to be, 
in general, essentially dependent on initial magnetic configuration and not univer-
sal [5]. However, they are directly related to the spin-wave spectrum and, thus, 
can be verified experimentally [6]. Now it is the standard scheme used for many 
different classes of magnetic materials, from dilute magnetic semiconductors [7] 
to molecular magnets [8]. This approach also lies in the base of “ab initio spin dy-
namics” within the density functional approach [9].  

It is well known now that this scheme is, in general, insufficient for strongly 
correlated systems and should be combined with the mapping to the multiband 
Hubbard model and use of, say, dynamical mean-field theory to treat the latter 
[10,11]. Our original approach can be reformulated for this “second-principle” 
method, the results are expressed in terms of Green’s functions and (local) elec-
tron self-energy [12,13]. It can be also generalized to the case of relativistic mag-
netic interactions, such as Dzyaloshinskii-Moriya interactions [14]. Very recently, 
we have extended this scheme to the case of time-dependent Hamiltonians which 
opens a way to a consequent microscopic theory of laser-induced spin dynamics in 
strongly correlated systems [15].  
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Abstract   We analytically treat model -processes driven by chirped lasers. The 
obtained results (consistent with previous numericalfindings) bring insight into the 
microscopic origin of the ERASE functionality via frequency detuning in the pres-
ence of chirp, and explain the pertinent differences in the magnetic-switching behav-
ior at Fe, Co and Ni atoms. 

Introduction 

The discovery of the laser-induced spin manipulation in magnetically ordered mate-
rials [1] resulted in a huge amount of theoretical [2,3] and experimental [4] literature 
in an effort to understand the exact microscopic mechanisms. Lately the scientific 
community seems to agree that, at least at short times, the photon-electron interac-
tion is mainly responsible for this phenomenon. A mechanism proposed to function-
alize magnetic multicentered structures to logic elements [5] necessitates the 
ERASE functionality in order to prepare logic states. Although it was shown that 
chirped pulses can exhibit this effect,since they break the time-inversion symmetry, 
[6] the deeper mathematical understanding is still lacking.  

Results and discussion 

Following Ref. [7] we solve the  system in the interaction picture. The chirp  en-
ters in the varying laser frequency , which becomes resonant with 
the transition frequencies   at time . 
Without loss of generality we set . Once the equations of motion are found 
we can change to any arbitrary  via a translation of the time axis. Within the ro-
tating wave approximation the system of the coupled differential equations for the 
wave functions of the initial , final , and intermediate , states become 
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Fig. 1.Time evolution of the populations of the initial , final , and intermediate   states 
for two different chirps. Left panel for  and right panelfor . Time is normal-
ized over the period of the unchirped  scenario . For both cases we assume .   

with the analytic solutions  

 

where ,  expresses the transition matrix elements  

    (for details and derivation see Ref. [7]), 
 are the Hermite polynomials,  are the Kummer’s confluent hyper-

geometric functions, and the four constants  depend on the initial conditions. 
As can be seen in Fig. 1 the intensity of chirp influences the fidelity of the -

process (for the population of gets maximized at time , 
where  an odd integer [7]). It is also interesting that after the initial transfer (the 
quality which depends on ) the rest of the population transfers are incomplete 
and carry the signature of quantum interference patterns. This explains the beat-
ings after about 3 periods, when the laser pulse is no longer resonant. 

Another factor is the time of resonance  with respect to the period  of the 
process. Clearly, if , the laser pulse has overall the less 
amount of detuning during the process, and hence the fidelity gets optimized (Fig. 
2). Therefore the sign of the chirp determines the best detuning policy: For  
( ) it is better to start at slightly lower (higher) frequencies. This explains 
why a combination of detuning and chirp controllably breaks the time-inversion 
symmetry of the -process, i.e. selectively driving the magnetization to a desired 
orientation. It also explains the spin-switching differences between Fe, Co and Ni 
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interference), while Ni usually needs many cycles and therefore the process col-
lapses with any small perturbation.  

 
Fig. 2. Left: Fidelities vs. for various chirps . The best results are always achieved when the 
resonance is reached at the center of the period . Right: Fidelity as a function of chirp for three 

different . The times are normalized over the period of the unchirpedcase . 

Concluding, we analytically solve the -process induced by chirped laser pulses 
and findthat (i) the laser pulse should be resonantin the middle of the transfer, and 
(ii)chirp enables unidirectional control of the flipping process.  
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Abstract   Electron-phonon scattering is one possible candidate to explain ultra-
fast demagnetization in Ni. We calculate the demagnetization time and the de-
magnetization rate with ab-initio density-functional theory and estimate the phase 
space for scattering which is related to the maximum possible demagnetization. 
We find that both demagnetization rate and phase space are too small for reasona-
ble excitations to explain the experimental demagnetization.  

It is well known that a thin ferromagnetic Ni film can demagnetize within some 
hundreds of fs after irradiation with a fs laser pulse. Since the first experiments by 
Beaurepaire et al. there has been a lot of effort to investigate the ultrafast demag-
netization. Until now the elementary underlying processes are still not understood. 
Single-electron spin-flip scattering is one possible candidate. In this work we con-
centrate on the electron-phonon spin-flip scattering. 

The transition rate  for the electron-phonon spin-flip scattering from 
an initial crystal wave function  to a final crystal wave function  is given 
by Fermi’s golden rule where j is the band index, k is the wave vector and  de-
note the spin-up and spin-down character. For the absorption and emission of a 
phonon with wave vector q and -q, polarization and frequency it reads [1] 

 

 1 

N is the number of atoms, M is the atomic mass and  denotes the Bose dis-
tribution function. The energies  and  correspond to the states  
and . The matrix element  consists of two parts: the phonon pertur-
bation of the potential and the phonon perturbation of the spin-orbit coupling. The 
transition rate  from spin-up to spin-down is given by an integral over all 
states in the first Brillouin zone (BZ) with volume  [1] 
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  2 

where  and  are the Fermi 
distribution functions with spin-up and spin-down Fermi energies , respective-
ly, and electron temperature . Thereby, it is our main assumption that thermal-
ized electrons make the main contribution to the demagnetization. The demagneti-
zation rate (more precisely: the rate for the change of the magnetic moment per 
atom) is . The equation is exact if the states are pure 
spin-up or pure spin-down states. With spin-orbit coupling the states are spin-
mixed and one has to take into account that a spin-flip changes the spin magnetic 
moment per atom by less than .  

It can be shown [1] that a time-independent demagnetization time  can be 
defined if the following approximations hold: First, the excitation is only small. 
Second, the demagnetization behavior is exponential, and third, the spin-mixing is 
not large for most of the states. Indeed, all approximations hold for Ni if the laser 
pulse irradiation has a small fluence. The equation for  reads [1]  

  
  

 3 

 is the derivative of the equilibrium Fermi distribution function 
 with respect to E.  and K denote the 

Fermi energy and electron temperature in equilibrium, respectively. 
 is an integral over the density of states .  

We calculate the electronic states with ab-initio density-functional electron the-
ory using the linear-muffin-tin-orbital method in local spin-density approximation. 
The phononic states are also calculated ab-initio using the pseudopotential method 
(PWscf code) [2]. The matrix elements in Fermi’s golden rule contain the scatter-
ing potential which is represented in the rigid-ion approximation.  

The main difference between eq. 2 and eq. 3 is that only equilibrium quantities 
enter eq. 3 whereas non-equilibrium quantities enter eq. 2, namely the Fermi ener-
gies  and the electron temperature . Therefore, the demagnetization time in 
eq. 3 can be calculated with the ab-initio electronic and phononic states at hand. In 
order to calculate the transition rate in eq. 2 the Fermi energies and electron 
temperature have to be determined in addition. Reasonable values for  are be-
tween 400 K and 1000 K depending on the laser fluence. In order to determine 

 we assume that directly after laser excitation the electrons scatter dominantly 
via electron-electron scattering without demagnetization and thermalize very 
quickly. The time where the electronic system can be considered as thermalized is 
denoted by  At time  the magnetization is still the equilibrium magnetization. 



This condition enables the determination of the non-equilibrium Fermi energies  
. 

We calculate the demagnetization time and the demagnetization rate for differ-
ent k-point grids (up to 503 k-points in the first BZ) and check for convergence. 
Our main result is that the demagnetization time is about = 16 fs and the de-
magnetization rate at is about fs per atom for 

K. The value is small (Ni has an equilibrium magnetic moment of  per 
atom). This cannot explain the experimental demagnetization rate of about 

fs per atom. Thus, we draw a similar conclusion as in ref. 3 and 4. 
Finally, we estimate the maximum possible demagnetization  (more pre-

cisely: the maximum possible decrease of magnetic moment per atom) achievable 
in our rigid-band model by calculating the number of excited majority electrons at 
time  and by calculating the number of excited minority holes at time . The 
maximum possible demagnetization is achieved if all minority electrons do not 
flip their spin while all excited majority electrons flip their spin and all excited 
minority holes are filled by majority electrons via spin-flip. For electron tempera-
tures up to 1000 K we find a maximum demagnetization  per atom 
which is too small to explain the experimental demagnetization up to 90%. It was 
suggested [4] that a dynamic exchange splitting would yield greater demagnetiza-
tion rates. Therefore, we also estimate  for a band structure with reduced mag-
netic moment of  per atom and electron temperatures up to 1000 K. Indeed, 
the maximum demagnetization is greater,  per atom, however it is 
also too small to explain the experimental demagnetization up to 90%. We con-
clude that the available phase space is too small for electron temperatures up to 
1000 K and that additional processes, e.g. electron-magnon scattering, are im-
portant to explain the experiments. This is in line with the statements in ref. 5. 
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Abstract   Using fully ab initio calculations we investigate the laser-induced ultra-
fast spin flip on the magnetic homodinuclear clusters FeOFe and NiONi. The oxy-
gen atoms lower the total symmetry of the clusters inducing spin-density localiza-
tion. Moreover, the proposed spin-flip scenarios on the two clusters exhibit 
different patterns matching their respective electronic structures.  

Introduction 

Exploiting the spin degree of freedom for technological applications becomes 
more and more appealing due to its great potential to enhance the data storage 
density and to accelerate the read-write speed in computational devices. In the past 
two decades a substantial amount of experimental and theoretical literature 
demonstrated [1-4] that magnetic response can be achieved in the subpicosecond 
regime. Among various mechanisms a  process [5] was proposed, via which spin 
can be coherently manipulated under the cooperative effects of a laser field and 
spin-orbit coupling (SOC). Based on this process, laser-induced ultrafast spin dy-
namics on different heteronuclear multicenter magnetic structures with a high de-
gree of spin-density localization have been successfully predicted [6, 7]. In homo-
dinuclear structures, however, it is impossible to distinguish the magnetic centers 
if they are equivalent by symmetry. Thus to locally manipulate the spin, the sym-
metry of the structures needs to be reduced. Here, two small homodinuclear mag-
netic clusters bridged by oxygen atoms, i.e., FeOFe and NiONi, are investigated.  

Ultrafast laser-induced spin-flip scenarios 

We start from the optimized structures at the Hartree-Fock level. Fig. 1 gives the 
geometries of FeOFe and NiONi and their lowest 121 electronic-state energies as 
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obtained with the SAC-CI method [8] without the inclusion of SOC. Clearly, the 
two identical magnetic atoms in each structure are inequivalent, which leads to 
spin-density localization thus fulfilling the first prerequisite for spin dynamics. 
The distributions of the electronic levels of the two structures behave differently 
due to the different numbers of the electrons (e. g., the energy levels of NiONi are 
broader and more disperse than those of FeOFe). 
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Fig. 1. The optimized geometries of FeOFe and NiONi and their respective energy levels from 
SAC-CI results without SOC. The red lines indicate the triplet states from which the initial and 

final states (with opposite spin directions) of the spin-flip scenarios originate. 

As a next step the dynamics of the light-induced spin manipulation is calculat-
ed using time-dependent perturbation theory. This also requires the inclusion of 
SOC (to create excited spin-mixed states), an external magnetic field (for the 
Zeeman splitting), and a time-dependent laser pulse (see Ref. [7]). Two possible 
spin-flip scenarios at Fe1 in FeOFe and at Ni1 in NiONi are shown in Fig. 2, 
where the initial and final states (which stem from the same triplet states before 
SOC and have the opposite spin directions of each dynamics) are also marked. 
The energy positions of these states can be found in Fig. 1. A magnetic field with 
a strength of  at. un. is chosen for both scenarios. Note that in the ab-
sence of SOC the direct transition from spin-up to spin-down is forbidden within 
the electric-dipole approximation. The population of the initial state in both sce-
narios is successfully transferred to the target state (with fidelities of 97% and 
86%, respectively) and so the spin gets flipped within around 800 fs (Fig. 2). In to-
tal there are 21 intermediate states involved in the scenario shown in Fig. 2(b), 
leading to a quite complex dynamics behavior in NiONi. In contrast, the scenario 
in FeOFe [Fig. 2(a)] involves only 6 intermediate states and therefore is simpler. 

The parameters of the optimized laser pulses for scenarios Fig. 2(a) and (b) are 
, , , FWHM=168 fs,  J/(sm2), 

 eV and  , , ,  FWHM=274 fs,  J/(sm2), 
 eV, respectively, where  and  denote the angles of incidence in 

spherical coordinates, respectively,  is the angle between the polarization of the 
light and the optical plane, FWHM is the full width at half maximum of the laser 
pulse, and  and  are the intensity and the energy of the laser pulse. Obviously, 
the FWHM of the scenario Fig. 2(a) is shorter than that of Fig. 2(b), however at 
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the price of a much higher intensity. Additionally, due to the more disperse energy 
levels of NiONi and the higher energies of the intermediate states involved [most-
ly in the energy region of 2.4-2.9 eV for the scenario Fig.2 (b)], the laser energy in 
the second scenario is higher than in the first one.  
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Fig. 2. Local spin-flip scenarios on (a) FeOFe and (b) NiONi. For each scenario, the upper panel 
denotes the time-resolved occupations of the involved states and the lower one shows the expec-

tation values of the spin. 

In summary, with the use of ab initio calculations, laser-induced ultrafast local 
spin-flip scenarios on FeOFe and NiONi are proposed. By introducing a bridge at-
om, which induces spin-density localization, the electronic structures of the two 
clusters acquire different patterns and thus exhibit different dynamics behavior. 

Acknowledgments   We acknowledge financial support from the DFG and the collaborative Re-
search Center TRR/SFB 88 “3MET” as well as the Carl-Zeiss Foundation. 

References 

[1] E. Beaurepaire, J.-C. Mele, A. Daunois, J.-Y. Bigot., “Ultrafast spin dynamics in ferromag-
netic Nickel”, Phys. Rev. Lett. 76, 4250 (1996). 

[2] F. Hansteen et al., “Femtosecond photomagnetic switching of spins in ferrimagnetic garnet 
films”, Phys. Rev. Lett. 95, 047402 (2005). 

[3] J.-Y. Bigot, M. Vomir, and E. Beaurepaire, “Coherent ultrafast magnetism induced by femto-
second laser pulses”, Nature phys. 5, 515 (2009). 

[4] J. Barker et al., “Atomistic spin model simulation of magnetic reversal modes near the Curie 
point”, Appl. Phys. Lett. 97, 192504 (2010). 

[5] R. Gómez-Abal et al., “All-optical subpicosecond magnetic switching in NiO(001)”, Phys. 
Rev. Lett. 92, 227402 (2004). 

[6] C. Li et al., “First-principles calculation of the ultrafast spin manipulation of two-center me-
tallic clusters with a CO molecule attached to one center as an infrared marker”, Phys. Rev. B 
79, 180413 (2009). 

[7] C. Li et al., “Theory of laser-induced ultrafast magneto-optic spin flip and transfer in charged 
two-magnetic-center molecular ions: Role of bridging atoms”, Phys. Rev. B 84, 054415 
(2011). 

[8] H. Nakatsuji et al., http://www.sbchem.kyoto-u.ac.jp/nakatsuji-lab/sacci.html, 2005. 
 

136 W. Jin et al.



Switching dynamics of two sub-lattice magnets 

Sönke Wienholdt and Ulrich Nowak 

Fachbereich Physik, Universität Konstanz, D-78457 Konstanz, Germany 

soenke.wienholdt@uni-konstanz.de, ulrich.nowak@uni-konstanz.de 

Abstract  After thermal excitation ferrimagnets can switch via a transient ferro-
magnetic-like state. It is shown by spin model simulations that this state follows 
from a dissipationless dynamics on picosecond time scales, while slower dissipa-
tive relaxation leads back to the ferrimagnetic state which might or might not be 
switched. 

Introduction 

It has been demonstrated recently that linearly polarized light can trigger a ther-
mally  driven switching in ferrimagnetic GdFeCo compounds [1, 2] via a so called 
“ferromagnetic-like state”, where the rare-earth (RE) and transition metal (TM) 
sublattice magnetisations are aligned parallel on a picosecond time scale. The ul-
tra-short time scale of the laser pulse in connection with the high electron tem-
peratures following the excitation lead to non-equilibrium processes where longi-
tudinal magnetisation dynamics becomes pronounced [2-6].  

In a prior work [7] we have shown that the thermally driven spin-switching of 
RE-based ferrimagnets can be well described on the basis of an orbital-resolved 
spin model, distinguishing electrons in d and f orbitals of the RE. We have shown 
that this distinct treatment of the spins contributes significantly to the different 
demagnetization times of the strongly coupled TM and RE sublattice. The pro-
nounced thermal excitation of d electrons drives the system into a non-equilibrium 
state which by relaxation processes that even exist in the dissipationless limit, 
where energy and angular momentum are distributed between the sublattices, re-
laxes into a transient ferromagnetic-like state on times scales of just a picosecond. 
However, in the following we will show that even after having reached the tran-
sient ferromagnetic-like state, the system does not necessarily switch. Recently 
this has also been observed experimentally with element specific measurements on 
TbFeCo [8]. 
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Methods 

We simulate a ferrimagnetic model of 64000 spins arranged on two intertwined 
sublattices on a cubic lattice with initial conditions where spins on the one sublat-
tice (RE) are perfectly ordered while those on the other one (TM) are randomly 
oriented.  We set the magnetic moments to RE = 2 TM  and the exchange constants 
to JTM  = 3JRE  =  3JRE TM, which results in a Curie temperature of TC = 10 JRE/kB 
and a magnetisation compensation temperature of TM = 7 JRE/kB. This serves as toy 
model for a ferrimagnetic TM-RE sample directly after the initial excitation where 
the TM spins are highly excited while the RE spins are still rather ordered due to 
their slower dynamics. We consider Langevin dynamics, i. e. we numerically 
solve the stochastic LLG equation of motion for each spin (see e.g. [4] for the nu-
merical methods). 

Results and Discussion 

Fig. 1 shows the relaxation dynamics of the two sub-lattice magnetizations for two 
different temperatures, below (left) and above (right) the magnetic compensation 
temperature of the systems. In both cases the initial dynamics leads first to a tran-
sient ferromagnetic-like state. For T=5.5 JRE/kB first a transient switching of the 
RE sublattice occurs but later precessional dynamics switches the system back to-
wards its initial state. Interestingly, this happens exactly when both sublattice 
magnetisations have the same amplitude and the dynamics is via an antiferromag-
netic switching mode [9]. For T=8.5 JRE/kB the system relaxes linearly (without 
any precession) into a ferrimagnetic ground state with the sublattice magnetisa-
tions switched as compared to the initial state. 

Our results suggest that switching of the RE sublattice magnetisation after an 
excitation with an ultrashort laser pulse can only be observed when the tempera-
ture after the excitation – when electrons and phonons are in equilibrium again – is 
above or only just below TM. 

 
 
 



 
Fig. 1. Relaxation dynamics for two different temperatures, T=5.5 JRE/kB (left) and T=8.5 JRE/kB 
(right). Shown are (from top) the magnitude of the sublattice magnetizations, one perpendicular 

component, and the easy-axis component. 
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Abstract   The Landau-Lifshitz-Bloch equation provides a micromagnetic frame-
work for large-scale modeling of the ultrafast magnetization dynamics in 
ferromagnets. Here we present a detailed discussion of the LLB equation with a 
quantum spin number S. As an example, we present our recently numerical results 
of the ultrafast demagnetization dynamics in FePt thin films.  

The Landau-Lifshitz-Bloch (LLB) equation of motion has been recommended it-
self as a useful micromagnetic framework to analyze ultra fast spin dynamics due 
to the account of the longitudinal relaxation resulting from the exchange field. In 
the classical case the LLB equation describes quite well the dynamics of thermally 
averaged spin polarization [1], i.e. is equivalent to the classical Heisenberg model 
with spin number S→∞ and atomistic spin dynamics. An alternative statistical de-
scription of purely quantum systems consists of a two-level system with spin up 
and spin down [2] and is equivalent to the LLB equation with S=1/2 [3].  Here we 
discuss the LLB equation for arbitrarily spin and some of its generalizations, e.g. 
for ferrimagnets.  

The derivation of the quantum version of the LLB equation [4] starts from the 
density operator equation of motion (in terms of the complete set of the Hubbard 
operators) for a magnetic ion weakly interacting with a phonon bath through a lin-
ear spin-phonon coupling. Several approximations are made, such as a short-
memory (Markoff) approximation and the secular approximation for the elements 
of the Hubbard operators. The obtained equation for the spin operators  is re-
written for the magnetization m=  The final equation represents a general-
ized LLB equation for a paramagnetic ion. After that the interactions are taken in-
to account in the mean-field approximation resulting in the LLB equation in the 
following form:  
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where  

 

 

 

 
Here the effective field includes a sum of the applied  and anisotropy  

fields and an additional internal exchange field represented through the longitudi-
nal susceptibility , where  is the derivative of the 
Brillouin function, ,  is the Boltzmann constant,  is the exchange 
constant, is the atomic magnetic moment. Additionally,  

 ,  is the Curie temperature,  is the reduced Planck constant,  is the gyro-
magnetic ratio,  is the equilibrium magnetization and  
 

 

 

 
where  and  are the amplitudes of the direct scattering processes and the 

Raman processes,   is the boson distribution func-
tion. It easy to see that if S→∞ we recover a classical LLB equation [1], where  
represents an atomistic coupling to the bath parameter. 

At high temperatures ( ; ;  is the De-
bye temperature) the two-phonon emission and absorption processes (Raman scat-
tering) are dominant and  [5], this yields . On the other hand, at 
low temperatures (  ) the one-phonon emission and absorption pro-
cesses are dominant thus  [5], then in this case we have . 
Within the LLB model the characteristic longitudinal timescale, defining the de-
magnetization speed, is given by  [6].  This value is constant at low 
temperatures and diverges approaching TC. 
 Recently we have done the generalization of the quantum LLB equation for a 
two-sublattice case [7], similar to the classical case [8]. Although strictly speaking 
the derivation of the quantum LLB equation was done for the model containing 
the coupling to the phonon bath only, similar to the LLG equation it can be 
phenomenologically used for the electronic bath, considering that the scattering 
processes are hidden in the phenomenological coupling to the bath parameter .  
Currently we are also working on its generalization for the fermionic (electron) 
bath [9].  
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As an example, recently [10] we have simulated ultra fast demagnetization in a 
thin film of FePt using the quantum version of the LLB equation (S=3/2) coupled 
to the two temperature model (which describes the dynamics of the phonon and 
electron temperatures). In Fig.1 we show these results, the data are shown with in-
creased laser fluence. In agreement with the experimental observations [10], a 
transition from type I (fast) ultrafast dynamics to type II (slow) is obtained. 

 
Fig. 1. Ultrafast demagnetization dynamics obtained by integration of the quantum LLB equation 

(S=3/2) coupled to the 2T model.  
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Abstract   An inertial regime of the magnetization dynamics has been predicted. 
We study numerically the corresponding equation in the frequency domain. It is 
shown that inertial terms generate a second resonance peak of the magnetic sus-
ceptibility, which corresponds to the nutation frequency. The interplay between 
precession and nutation is investigated.  

The equation that describes the dynamics of the magnetization – the Landau-
Lifshitz-Gilbert (LLG) equation – is a kinetic equation, and does not contain iner-
tial terms. This is somehow an unphysical limitation. The goal of this study is to 
present an overview of the problem of magnetic inertia in relation with experi-
mental studies. For that purpose, we focus here on the generalized LLG equation 
with inertial terms, studied in the frequency domain, i.e. in the experimental con-
text of absorption spectroscopy in the range 1011 to 1016 rad/sec. 

The dynamics of a uniformly magnetized body of magnetization M = Ms er 
(where er is the radial unit vector) in an effective magnet field Heff is well de-
scribed by the Landau-Lifshitz-Gilbert (LLG) equation. The Gilbert form of the 
equation reads dM/dt =  M   (Heff -  dM/dt), where is the Gilbert damping 
coefficient and  is the gyromagnetic ratio. 

The same equation can be re-written in the equivalent Landau-Lifshitz form: 
dM/dt =   /(1 + 2) {M  Heff – (  M  ( M  Heff )}, where  = Ms is the 
dimensionless damping. The first term in the right hand side accounts for the pre-
cession of the magnetization, i.e. the rotation of the extremity of the vector of con-
stant modulus Ms with the Larmor angular velocity L = Heff. The second term 
accounts for the relaxation of the magnetization toward its equilibrium position 
along the effective magnetic field Heff. 
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If an AC magnetic field h ( ) is superimposed perpendicularly to a static field, 
the relaxation process is compensated provided that the frequency  is of the same 
order as the Larmor frequency (usually some tens of GHz). The precession is then 
maintained in a stationary state, and the response of the magnetization (i.e. the 
susceptibility dM /dh  = ) as a function of the frequency is characterized by a 
resonance peak at L; this is the ferromagnetic resonance (FMR).  

However, the limit of validity of the LLG equation forbids in principle the pre-
dictions at high enough frequency, or at very short time scales. Brown [1] gave in 
1963 the limit of validity of the LLG equation in terms of diffusion process in a 
field of force with the derivation of the associated stochastic equations. The typi-
cal time scale below which the LLG equation breaks down is of the order of the 
picosecond. Below, the time scale separation between the magnetization and the 
other degrees of freedom is no longer valid, and the diffusion process should be 
described by considering explicitly the supplementary variables. In particular, the 
momentum variables are no longer at equilibrium, and an inertial regime of the 
uniform magnetization is expected [2]. This regime has been described recently, 
and the generalization of the LLG equation to inertial regime has been proposed 
[2-7]. 

In all cases, the equation takes the simple form, with an additional inertial term 
in the Gilbert equation: 

 

 

 
where  is the relaxation time of the angular momentum that can be expressed 

in terms of the first atomic moment of inertia I1: 1 Ms
2 [2]. The equation 

converges to the usual LLG equation for small values of .  
Some results about the numerical study are presented in Fig. 1. The usual FMR 

peak for the precession resonance is located at the Larmor frequency Heff, as ex-
pected (see inset). For one set of parameters  and  presented in Fig. 1, the FMR 
precession peak is plotted together with that obtained from the usual LLG equa-
tion (i.e. without the inertial term), it is slightly shifted. On the other side, the nu-
tation resonance peak is located at the frequency ( )-1  (1013 and 1014 rad/sec). 
The separation of two to three decades between the two resonance peaks leads to a 
complete decoupling of the two effects. It is however no longer the case with a 
choice of parameters such that the two peaks are not so much separated. A notice-
able modification of the FMR resonance peak could then be expected, due to the 
perturbation produced by the nutation. This is the aim of the discussion. 

 

 



 
Fig. 1. Transverse magnetic susceptibility as a function of the oscillating pulsation  of the per-
pendicular AC field.  The FMR peak is fixed at the Larmor frequency, while the nutation peak is 
located at the pulsation nu= 1/ . The susceptibility is plotted for (  =10-13 and  =10-14), and 
for ( 0.1 and 0.01). Inset: for ( 0.1 and  =10-13), the FMR peak is slightly shifted from 
that deduced from the usual LLG equation. We took  = 1011 rad/(sT), h =0.1, 0.01, and 0.001 
T, with a static field of 2T. 
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Abstract   Atomistic and mesoscopic-scale spin dynamics have proven to be a 
powerful tool for studying magnetization dynamics on the sub-picosecond time-
scale. These approaches are ideal for combining different length and time-scales. 
In this paper we focus on atomistic spin dynamics in the ultrafast regime, in par-
ticular on recent results of heat-induced switching in the transition-metal rare-
earth ferrimagnets. 

Introduction 

Control of magnetization dynamics on the sub-picosecond time-scale is receiving 
wide interest recently due to the potential implications for next generation data 
storage and processing. To gain a full understanding of the collective dynamics of 
complex magnetic materials under the influence of ultrafast external stimuli, such 
as pulsed magnetic field pulses[1], acousto-magneto-plasmonics [2] and femto-
second laser pulses[3,4] usually requires input from theoretical and/or numerical 
model calculations. It was recently demonstrated that magnetization reversal, un-
der the influence of femtosecond laser heating of the ferrimagnet, GdFeCo, that 
deterministic magnetization switching was possible[5], and occurred via a transi-
ent ferromagnetic-like state[6]. This thermally induced magnetic switching 
(TIMS) was predicted using numerical atomistic calculations and confirmed by 
experimental observations. The mechanism of switching in this material has re-
mained elusive. However, by combining analytic treatment with atomic and 
mesoscopic magnetization dynamics[7,8] the nature of the switching mechanism 
is now clear. 
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Modeling of Laser Induced Switching in GdFeCo 

The modeling of the spin dynamics of GdFeCo is based on the use of the Landau-
Lifshitz-Gilbert equation of motion for individual atomic moments: 

 ² S S S S  1 

where S , is the reduced spin moment of unit length, ,  and  are the gy-
romagnetic ratio, damping constant and magnetic moment respectively.  is the 
effective field acting on spin, i, which is made up of contributions from the Hamil-
tonian and the stochastic term that mimics thermal fluctuations. We solve this 
coupled differential equation numerically giving us the dynamic behavior of mag-
netic moments with atomic resolution. To determine the form of the Hamiltonian, 
the two common methods are: mapping ab-initio data[9,10] to a Heisenberg Ham-
iltonian, and from experimental data. The model of GdFeCo presented can be 
found in Ref.[11] and was based on experimental observations of static magnetic 
properties. 

To incorporate the effects of laser heating within our approach we employ the 
two-temperature model[12]. This model defines a temperature associated hot elec-
trons and the phonon bath. We couple the electron temperature to the spin system, 
which allows us to observe the time-resolved magnetization dynamics. Figure 1 
(figure reproduced from Ref.[5] and [7]) shows the solution of the two-
temperature model after the action of multiple heat pulses (temperature profile 
shown in the upper panel, a) with no external applied field, with the response of 
the individual sublattice magnetizations in GdFeCo (panel b) showing determinis-
tic switching after each pulse. 

This remarkable result was, until now, still unexplained. Using analysis from a 
mesoscopic scale model based on the Landau-Lifshitz-Bloch model[7] we have 
shown that for switching to occur, it is necessary that angular momentum is trans-
ferred from the longitudinal to the transverse magnetization components in the 
transition metal. Panel c of figure 1 shows the numerical integration of the switch-
ing behavior for the non-stochastic LLB with a small angle (15˚) between sublat-
tices (solid lines). Without the angle between the sublattices (dashed line), switch-
ing does not occur. 

Using analysis from linear spinwave theory, mean field theory and atomistic 
spin dynamics we have shown that this switching is caused by a two spinwave 
mode bound state[8] in the spinwave spectrum and results in this angular momen-
tum transfer predicted from the LLB analysis. 
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Abstract   A first-principles formulation of scattering theory that includes disor-
der, spin-orbit coupling and non-collinearity is used to study the resistance of  re-
alistic domain wall (DW) profiles, to calculate spin-flip diffusion lengths, to cal-
culate Gilbert damping in the adiabatic and non-adiabatic limits and to determine 
the non-adiabatic out-of-plane torque parameter . 

Introduction 

The design of magnetoelectronic devices is based upon frequently incomplete 
models formulated in terms of parameters that are difficult to measure experimen-
tally. We have developed a computational framework that allows us to calculate 
material-dependent parameters with a predictive capability for complex materials 
such as CoFeB or Permalloy (Py: Ni80Fe20) that form the backbone of existing 
magnetoelectronic devices such as spin valves and magnetic tunnel junctions. 
They play a central role in spin-transfer torque (STT) devices such as magnetic 
random-access memories, spin-torque oscillators, and so-called ‘‘racetrack memo-
ries’’ based upon the STT effect whereby a spin-polarized current exerts a torque 
on a magnetization forcing it to precess. A realistic description of electrical 
transport in itinerant ferromagnets is made difficult by the degeneracy of the par-
tially filled d bands that are responsible for the magnetism and result in complicat-
ed Fermi surfaces for ordered materials. The concepts of Bloch states and Fermi 
surfaces that enable the development of transport theories for crystals are lost in 
disordered alloys. Even though the spin-orbit coupling (SOC) is in energy terms 
small, it has a large effect on the transport properties of magnetic alloys and must 
be included in any realistic description. Finally, the STT effect results when elec-
trical currents flow between materials whose magnetizations are not collinear; in 
the case of DWs, the length scale over which the magnetization changes is of or-
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der 10–100 nm. These difficulties all stand in the way of a satisfactory description 
of transport properties of materials such as CoFeB or Py, currently important can-
didates for applications.  

To be able to address the above issues, we extended an efficient scattering for-
malism of spin transport [1] based upon tight binding muffin tin orbitals (TB-
MTOs) and the atomic spheres approximation (ASA) to include SOC. This suc-
cessfully describes the transport properties of alloys such as Py [2-4]. We extend-
ed this to treat noncollinearity and reported on a first application to the resistance 
of Py DWs in [5]. 
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Abstract   In this contribution we review some theoretical efforts performed in 
our group and devoted to the description, from first-principles, of the coherent ul-
trafast spin-light interactions. Based on the semi-relativistic expansion of the Di-
rac equation, we started by investigating the cases of one, two and many electrons 
(in the mean-field approximation) systems knowing that our main purpose is to re-
alistically describe the nonlinear electron and spin dynamics of a quantum-
relativistic system of many interacting electrons excited by an intense and ultra-
short electromagnetic field. In addition to that, a classical and macroscopic model 
based on the an-harmonic Drude-Voigt model and the Maxwell’s equations was 
also developed for modeling ultrafast nonlinear coherent magneto-optical experi-
ments performed on ferromagnetic thin films. 

Introduction 

Recently, relativistic couplings between spins and photons have been evoked for 
explainingthe process of coherent ultrafast demagnetization induced by a femto-
second laser pulse focused ona ferromagnetic Ni film [1].So far, this hypothesis 
has not been confirmed or refuted and is the subject of intense research efforts in 
the field of ultrafast magneto-optical spectroscopy. 

The electromagnetic field associated to a femtosecond laser pulse can be strong 
enough to significantly perturb the electronic charges and spins in condensed mat-
ter systems, so that relativistic effectsbecome important. Given the intensity of the 
fields involved, nonlinear effects are also expected to play animportant role. This 
scenario represents an ambitious theoretical challenge, as it requires the modeling 
of the nonlinear dynamics of a quantum-relativistic system of many interacting 
electrons excited by an intense and ultrashortelectromagnetic field.  
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In this contribution, I will review recent theoretical developments on that issue 
which are performed in our group in Strasbourg. I will start by describing quantum 
microscopic approaches. Then, I will conclude by describing a classical macroscopic 
model whose predictions have been compared successfully with available experimental 
measurements of [1]. 

Microscopic approaches 

The well-known Foldy–Wouthuysen transformation (FWT) [2] is a unitary trans-
formation that decouples the small (that represent antiparticles) and large compo-
nents (related to particles) of the Dirac bispinor. It therefore allows to separate the 
relativistic solutions into electronic (which are investigated in condensed matter 
physicsand correspond to the low-energy limit of the Dirac equation) and 
positronic states. It can also be systematically used to get the non-relativistic ap-
proximation of the Dirac equation by expanding the relativistic Hamiltonian in 
power series of 1/m. In [3], thanks to this transformation the non-relativistic limit 
at fifth order in powers of 1/m of the one-electron external-electromagnetic-field 
Dirac equation is performed. It allows us to postulate a general analytical expres-
sion of the Hamiltonian related to the direct electron spin-field interaction valid at 
any order in powers of 1/m.The latter can be viewed as a generalization of the 
usual Zeeman Hamiltonian to the time-dependent regimes. 

In [4], by extending the previous methodology to the case of two interacting 
electrons (which is by far a more complex problem) and within the framework of 
the Dirac-Breit model, we have shown how anexternal electric field could modify 
and control the electron-electron interaction at third-order in 1/m.  

Very recently [5], and still using the FWT, the mean-spin angular momentum 
operator introduced for the first time by Foldy and Wouthuysen[2] for the case of 
a free electron has been extended to the case of an electron interacting with a time-
dependent electromagnetic field.The equation of motion of the latterleads to the 
Landau-Lifshitz-Gilbert equation revealing thus its microscopic origin.We have 
therefore argued that the mean-spin operator must be used instead of the usual one 
to properly describe the dynamics of the spin magnetization. 

In order to model more realistic systems in the fields of condensed matter and 
plasma physics we have developed several mean-field models which incorporate 
the interaction between the electrons at the lowest-order approximation of the 
many-body problem.In this context, the full Dirac-Maxwell equations must nor-
mally be solved. However, most of the time their resolution being unfeasible, one 
must resort to simpler models. 

In [6], we have derived a mean-field model that is based on a two-component 
Pauli-like equation and incorporates quantum, spin, and relativistic effects up to 
second-order in 1/c. By using a Lagrangian approach, we have obtained the self-
consistent charge and current densities that act as sources in the Maxwell equa-



tions. A physical interpretation has been provided for the second-order corrections 
to the sources. The Maxwell equations have been also expanded to the same order 
[7]. The resulting self-consistent model constitutes an appropriate semi-
relativistic approximation to the full Dirac-Maxwell equations. 

A high intensity X-ray laser can induce strong modifications of the magnetic 
order of a nanometric system [8]. Furthermore, under extreme condition on the la-
ser power, hot relativistic plasma of electrons whose speeds approach the speed of 
light could be generated by irradiating a thin metallic slab [9]. Related to these 
processes, the nonlinear magneto-optical response of a plasma slabwith metallic 
densityunder strong X-ray laser excitation is investigated within the framework of 
a semi-relativistic quantum fluid model which is derived from the second-order 
Foldy-Wouhuysen Hamiltonian [10].We have focusedon the effects of the spin de-
pendent semi-relativistic corrections on the polarization of the reflected and 
transmitted light. 

Macroscopic approach 

In [11], based on the classical anharmonic Drude-Voigt theory, a rather simple 
model has been developed for modeling ultrafast nonlinear coherent magneto-
optical experiments performed on ferromagnetic thin films [1]. Theoretical estima-
tions of the Faraday rotation angles are compared to available experimental values 
of nickel thin filmand give meaningful insights about the physical mechanisms 
underlying the observed coherent magneto-optical phenomena. Under realistic 
conditions, the model successfully explains the observed trends. The crucial role 
played by the spin-orbit mechanism resulting from the direct interaction between 
the external electric field of the laser and the electron spins of the sample is under-
lined. 
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Abstract   Topological defects in magnetic materials, such as domain walls or 
Skyrmion magnetic bubbles, support magnetic normal modes (low-energy spin-
wave excitations) which are localized on the edge of the defect [1]. Using an effi-
cient numerical scheme [7], we present the eigenmodes of systems in nontrivial 
equilibrium configurations with complex domain structures. 

Introduction 

Topological defects in magnetic materials have attracted a great deal of interest. 
Owing to their stability, magnetic topological defects, including domain walls, are 
a key ingredient of the proposed magnetic storage devices of the future. The dy-
namics of domain walls, Skyrmion magnetic bubbles, and magnetic domains 
shows some rich physics [1,2]. Understanding these phenomena is likely to be im-
portant for technological applications such as racetrack memory [3]. 

The dynamics of magnetic materials can often be accurately described at the 
classical level with the Landau–Lifshitz equation. Small-amplitude deviations 
from the equilibrium magnetization state (which may be highly non-trivial, for in-
stance as a result of topological defects) often propagate through the material as 
spin waves. As we shall see, these spin waves may or may not be localized on the 
edge of a topological defect. The study of spin-wave excitations is an important 
tool in the analysis of dynamical magnetic behavior. It can be used to test and im-
prove models of magnetic microstructures, such as magnetic rings, in a very direct 
fashion [4]. It may be used to find magnetic resonances, which can enhance the 
motion of domain walls in devices [3]. It is also useful in the theoretical analysis 
of the motion of other topological defects such as Skyrmion magnetic bubbles [1]. 

Traditionally, the theoretical prediction of magnetic normal modes relies on 
analytical methods [1,5], which are limited to relatively simple cases; 'brute-force' 
dynamical micromagnetic simulation [1,4]; or explicit numerical diagonalization 
of large, non-symmetric matrices [6]. The latter two approaches, while in principle 
capable of dealing with systems of arbitrary complexity, become very computa-
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tionally expensive for large systems. A recently developed method [7] overcomes 
the disadvantages of the latter scheme and can be used to study very large systems 
containing many topological defects. 

In this contribution, we present the normal modes of magnetic domain walls 
and Skyrmion bubbles using an efficient numerical scheme [7]. This method al-
lows us to consider the dynamics not only of single domain walls or magnetic 
bubbles, but also of complex configurations containing many magnetic bubbles. 
These bubble domains may be arranged in a lattice (Skyrmion lattice [8]) or, per-
haps even more interestingly, trapped in a metastable, disordered configuration. 
We also discuss the domain-wall excitations of stripe domains. 

Method 

We linearize the Landau–Lifshitz equation near a given magnetic configuration 
which is a local minimum of the Hamiltonian. We are now interested primarily in 
those eigenmodes of the linearized Landau–Lifshitz equation which represent the 
low-energy, low-frequency excitations of the system, which includes the magnetic 
normal modes localized on topological defects. This suggests the use of iterative 
numerical methods. Ref. [7] demonstrates how the magnetic normal mode prob-
lem can be reduced to the Hermitian definite generalized eigenproblem (HDGEP), 

  1 

where D and S are Hermitian matrices and S is positive definite. Eigenproblems of 
this form can be solved particularly efficiently using schemes such as the Lanczos 
or conjugate-gradient eigenvector algorithms. 

Magnetic modes on domain walls or complex domain structures 

It is well known that in a homogeneous medium, the lowest-energy magnetic exci-
tations are the usual planar spin waves. The presence of a domain wall modifies 
this picture. In 1D, a zero mode (Goldstone mode) appears, in addition to the run-
ning spin-wave modes, which corresponds to an infinitesimal translation of the 
domain wall [5]. In two dimensions, the magnitude of this displacement may be 
modulated in space. Thus, the single Goldstone mode becomes a continuum of 
low-energy modes, each described by a wavevector directed along the domain 
wall. In this direction, the modes can propagate freely; in the perpendicular direc-
tion, they are localized. Fig. 1 shows an example of such a domain-wall mode. 

In the case of a magnetic bubble domain, the periodicity condition on the circu-
lar domain wall turns the continuum of domain-wall modes into a discrete set, cor-
responding to radial deformations of the magnetic bubble [1]. 
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Fig. 1. Magnetic normal mode localized in one spatial direction on the domain wall 

Ref. [8] describes the experimental observation of a regular lattice of Skyrmion 
magnetic bubbles, which are stabilized by the Dzyaloshinskii–Moriya interaction. 
In such a regular lattice, the coupling between the bubbles turns the individual 
bubble deformation modes into bands of delocalized excitations [1]. In systems 
where it is magnetostatic interactions that stabilize the magnetic bubbles, by con-
trast, magnetic bubbles tend to be a lot larger and more irregular in size and ar-
rangement. The degree of localization of the domain-wall modes of such irregular 
bubble configurations, as well as of stripe domains, is an interesting question. 
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Abstract  We investigate laser-induced spin-dynamics scenarios on a nickel dimer 
at various interatomic distances. Successful spin-flip processes based on highly 
correlated abinitio calculations are established and analyzed. Switching is 
achieved through a laser-driven -process and optimized with a genetic algorithm.  

Introduction 

Theoretical[1,2] and experimental[3] treatment of transition metals attract growing 
interest since the last decade because of their complex electronic and magnetic 
properties. Nickel is interesting to investigate because of its open  subshells 
which lead to complicated electronic structures. Bonding in Ni2 molecule is main-
ly due to 4s orbitals interaction with only small 3d-3d contribution due to their 
strongly localized character.Ultrafast dynamics[4-6] is particularly important in 
order to meet the industrial necessities that demand for smaller sizes and shorter 
time scales with respect to magnetic responses in spintronic devices. 

Results and Discussion 

We describe our system with two real-space quantum chemistry methods: the 
equation-of-motion coupled-cluster with single and double excitations (EOM-
CCSD [7] in the GAUSSIAN09 package [8]), and the -electron valence-state per-
turbation theory (NEVPT2[9] in the ORCA package [10], Fig. 1) based on CAS 
(20, 12) with all 3d and 4s orbitals in the active spaceand scalar relativistic effects 
at the DKH2 level [11].We take four steps:(a) computation of the ground and the 
30 lowest excited states,(b) perturbative inclusion of spin-orbit coupling(SOC),(c) 
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spin-density inspection, and (d) the spin flip ( -process) optimization.The dynam-
ics results stem from EOM-CCSD.The triplet ground state has a zero-field split-
ting of 60 ± 20 cm-1. For the -process four levels are required:two ground states 
with distinct spin-up and spin-down orientation and two excited states coupled by 
SOC to yield mixed-spin states (accessible from both ground states). The two 
(otherwise degenerate and non-distinguishable) ground states are energetically 
separated by an external B-field (Zeeman effect).Whenincluding SOC spin is not a 
good quantum number; yet it is possible to compute its expectation value and, in a 
loose manner, characterize some states as spin-up or spin-down if . 

 

 
Fig. 1. Energies of the electronic statesof Ni2as a function of the bond length, computed withthe 

NEVPT2 method and the Def2-QZVPP [24s18p10d3f1g/11s6p5d3f1g] basis set. 

The laser pulse (optimized with a genetic algorithm [12]) is defined by six pa-
rameters:  and  (angle of incidence on spherical coordinates),  (angle between 
the light polarization and the optical plane),  (intensity),  (energy) and  
(full width at half maximum). A typical spin-switch takes 500 fs (Fig. 2a). The ef-
fect of the laser is studied under three different aspects: (a) the laser pulse is opti-
mized for each bond length separately (Fig. 2b, black solid line). (b) The pulse op-
timized for a particular bond length is also used for rest. Fig. 2b (red dashed line) 
shows the fidelity if the laser parameters are kept the same as for the equilibrium 
distance (2.5 Å), and Fig. 2c the fidelity for a pulse optimized for 2.15 Å (worst 
maximum efficiency). Strangely enough, the latter pulse yields a reasonable fideli-
ty also at 2.55 Å. (c) The fidelity drop for a fixed laser could be explained simply 
by the loss of resonance when changing the bond length. However, using the same 
laser pulse while only adjusting its frequency to match the excitation energy of the 
relevant intermediate states proves inadequate (Fig. 2d).This disproves the simple 
resonance argument and underlines the importance of correlations in Ni2. 

Summarizing we find that (i) high-fidelity spin-switching is possible with -
processes, (ii) Ni2 at each bond length responds mostly to a specially optimized 
pulse, and (iii) tuning the laser frequency to be in resonance with the intermediate 
excited state is not enough to improve thesehighly non-linear processes. As a con-
clusion the coherent control of spin with uniquely specified parameters opens an 
avenue for designing logic elements and future spintronic devices. 



 

 
 
Fig. 2. (a) A successful spin flip scenario on Ni2at 2.00Å. (b) Fitness of the spin-flip (solid black 
line for pulses optimized at each bond length, red dashed line for a pulse optimized at 2.50 Å). 
(c) Efficiency at different bond lengths witha laser pulse optimized for 2.15 Å. (d) Efficiency at 
different bond lengths with a laser pulse optimized for 2.4 Å. The solid line refers to exactly the 
original pulse( ) and the dotted line to the case with all laser parameters fixed, except the fre-
quency which is adjusted to match the energy of the relevant intermediate excited state. 
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Abstract   We introduce a coarse-graining approach to study the movement of a 
Domain Wall (DW) under the influence of a spin polarized current, in the frame-
work of atomistic spin dynamics. An increase in performance of up to 35% is ob-
tained. We show the dependence of the method on both exchange range and tem-
perature effects. 

Introduction 

Magnetization dynamics is an increasingly interesting topic which has experi-
enced much attention due to its possible technological applications. Domain wall 
(DW) motion has been thoroughly studied in the last decades due to their potential 
importance in spintronic and magnonic devices. Therefore the controlled move-
ment of these magnetic textures under spin polarized electronic currents due to the 
spin transfer torque (STT) phenomenon is of extreme importance [1].  

In this work we present a coarse-graining approach which allows us to study 
the motion of a DW in a monolayer of Fe/W(110) when it is subjected to a spin 
polarized current as implemented in the Uppsala Atomistic Spin Dynamics 
(UppASD) package [2]. 

Atomistic Spin Dynamics Framework 

In order to investigate the dynamics of the DW in this system, we perform atomis-
tic spin dynamics simulations as implemented in the UppASD package. Each 
atomic moment is considered to be a three dimensional (3D) vector with an equa-
tion of motion given by the Landau-Lifshitz equation:  
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  1 

where the effective field contains Bi a field which takes into account all the in-
teractions considered in the Hamiltonian of the system, in this case the classic 
Heisenberg Hamiltonian, and an stochastic field to take into account the tempera-
ture effects by using Langevin dynamics. 

In the atomistic framework, the calculation of the effective field is very expen-
sive computationally. This high computational cost is warranted only if detailed 
information about the magnetization on an atomic level is needed. However, in 
many possible applications of the ASD method, an atomistic resolution is only 
needed for a small part of the studied system. A prime example of this is the 
movement of individual DWs in ferromagnetic materials where only the actual 
DW region has the need for an atomistic description while it should be possible to 
model the rest of the system with a coarser model. 

Coarse graining approach 

The approach used in this work is based on the simple assumption that regions not  
exhibiting variations in magnetization on the atomic scale can be combined into 
larger magnetization regions. It then suffices to evaluate the Hamiltonian for one 
unit cell region. 

The idea behind the coarse-grain approach is to divide the domain into core-, 
boundary and noise regions while keeping the classification on atomic level. This 
requires the inclusion of a similarity measure. In particular, the cosine similarity is 
a suitable quantity for this task. Two atomic moments are said to be similar if the 
similarity between their corresponding moments exceeds a user-specified thresh-
old. A given atom is defined as a core atom if the pairwise similarity between it-
self and all its neighboring atoms exceeds the threshold value. This requirement 
must hold for all atoms located in the same unit cell. 

A constellation is then defined as the union of core cells where the similarity 
threshold is satisfied for all participating core atoms in the constellation region. 
Finally atoms located on the border of a constellation are defined as boundary at-
oms (with respect to the neighbouring constellation), and all atoms not meeting 
the requirements of being core- or boundary atoms are by default classified as 
noise atoms. 

At each time step, every atom is checked against all pre-existing constellations, 
and if the similarity is larger than the user defined threshold the atom is said to be-
long to the constellation that is being checked against. Therefore if the fraction of 
core atoms is large the evaluation of the Hamiltonian is simplified. 
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Results 

To study the speedup of this method, a monolayer of Fe/W(110) of size 100x40 
repetitions is used. This system has been previously studied using atomistic spin 
dynamics [3-4] and is known to exhibit a very narrow DW width. A DW is estab-
lished by flipping half of the spins of the system and then equilibrating the system 
at the temperature of interest. It is possible to see that it is possible to obtain 
speedups up to 35% when we consider 40 exchange shells (J40 red line). 

 

 
Fig. 1.  Speedup dependence on temperature for two different exchange ranges 

As can be seen as the temperature increases the speedup decreases as expected, 
as the stochastic field will make it harder to have regions were the similarity is 
high. The range of the exchange interactions also affects the speedup, as a larger 
exchange ranges will lead to stronger requirements for the creation of core cells. 
Applying an STT (Slonczewski term) over the sample allows us to move the DW 
towards one of the edges of the sample, the proposed coarse-graining procedure 
gives us speedups of up to 25%, lower than for the static situation as the number 
of core cells is constantly changing due to the movement of the DW. 

Conclusion 

We have devised a method for coarse graining of atomistic spin dynamics simula-
tions and observe speedups up to 35% for domain wall systems. The method can 
also be used for other systems such as simulating laser heated hotspots in an oth-
erwise cooled magnetic sample. 
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Abstract   Thanks to the Foldy-Wouthuysen transformation (FWT), the non-relativistic 
limit at fifth order in powers of 1/m of the one-electron external-electromagnetic-field Dirac 
equation is performed. It allows us to postulate a general analytical expression of the Ham-
iltonian related to the direct electron spin-field interaction valid at any order in powers of 
1/m. By extending the previous methodology to the case of two interacting electrons and 
within the framework of the Breit model, we show how an external electric field could 
modify and control the electron-electron interaction at the third order in 1/m.  

Introduction 

Recently, relativistic couplings between spins and photons have been evoked for explaining 
the process of coherent ultrafast demagnetization induced by a femtosecond laser pulse fo-
cused on a ferromagnetic Ni film [1]. So far, this hypothesis has not been confirmed or re-
futed and is the subject of intense research efforts in the field of ultrafast magneto-optical 
spectroscopy. The aim of the present study is to develop theoretical methods needed for 
isolating the direct (and therefore coherent) coupling between the spins and the light. In the 
first part, using the FWT of the one-particle Dirac’s Hamiltonian, we derive an analytical 
expression illustrating the direct coupling between the spin degrees of freedom (dof) and an 
external time-dependent electromagnetic (em) field. In the second part, using the same 
methodology, we briefly investigate the case of two interacting electrons (which by far a 
more complex problem) described by the Dirac-Breit Hamiltonian.  

Ultrafast spin-light interactions from first principles 

In the presence of an em field, the well-known FWT expands the external-electromagnetic-
field Dirac Hamiltonian in powers of 1/m and leads to the electronic Schrödinger-Pauli 
Hamiltonian which is usually presented up to the second order in 1/m [2] 
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  1 

In reference [3], an original FWT of the Dirac Hamiltonian is performed up to the third or-
der in 1/m. The third order Hamiltonian exhibits a coupling between the spin dof and 
the time derivative of the external electric field and reads 

  

  2 

Using the Faraday’s equation, the direct spin-field terms of Eqs. (1) and (2) (ie the ones 
written in the form of a coupling between the spin and an effective magnetic field) can be 
expressed as follows 

  3 

The first two terms of  Eq. (3) are the usual Zeeman and spin-orbit interactions, and the two 
others can be seen as a Zeeman interaction with the 1st and the 2nd time-derivative of the 
magnetic field. Let us mention that the term  is considered as an indi-
rect term. In order to understand this original behavior, in [4] we have performed the FWT 
up to the fifth order in 1/m and obtained the following two additional direct spin-field terms 

 and  . 
They illustrate a spin-orbit coupling with the second time-derivative of the electric field and 
a Zeeman interaction with the third and fourth time-derivative of the magnetic field. Hence, 
introducing the Compton wave-length  (with  = h/mc), all the direct spin-em 
terms up to fifth order in powers of 1/m can be written in a compact form as  

  4 

where the Zeeman interaction and the spin-orbit coupling appear like the first two terms of 
a more general analytical expansion. Therefore we postulate that the direct coupling be-
tween the spin dof and an external time-dependent electromagnetic field can be generalized 
through the general formula of Eq. (4) with . The amplitude of the nth correction 
of Eq. (4) can be written as  with  when working with a plane wave 
of pulsation  and by assuming that . In the ultrafast regime, the amplitudes of 
the higher order terms become more and more larger, and are equal precisely at 

. This intrinsic limit for which the series in Eq. (4) diverges represents the upper 
boundary above which the FWT becomes non valid and the electron-positron pair creation 
may occur (this process is absent in our model because the em field is not quantized). 



Light-induced modifications on the electron-electron interaction 

Very recently we have extended the above procedure to the case of two interacting elec-
trons. In the Dirac’s formalism, the Coulomb interaction between two electrons  can 
be described using the Breit Hamiltonian  
which includes retardation effects. Its non-relativistic limit leads to the well-known Breit-
Pauli Hamiltonian at the 2nd order in powers of 1/m. We have performed a FWT of the two-
interacting electrons Hamiltonian  up to the third order in 1/m 
with . The influence of the external em field on the 
bi-electronic Hamiltonian can be summarized as follows 

 

At second order in 1/m, the Breit-Pauli Hamiltonian is recovered, where the external field 
acts only on the momentum operators via the usual substitution . However, the 
third order Hamiltonian exhibits terms involving explicitly the external electric field, the 
Coulomb interaction and the two electron spins 

 

  

By noting  and , it’s possible to see from the above equation that the 
electric field can act as a third partnership for the two interacting electrons and generates 
terms like    and   . The ratio  can be ex-
pressed as  and illustrates the competition between the internal and external 
electric fields. 
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Abstract   We study time-dependent noncollinear spin-transport dynamics in a 
nonmagnetic material after ultrashort excitation. In particular, we analyze its de-
pendence on a magnetic field. The dynamics of a pure spin current in a nonmag-
netic metal are described by the wave-diffusion equations, which contain both bal-
listic and diffusive transport as special cases. 

Introduction 

Non-collinear spin transport dynamics in magnetic multilayers has been a central 
issue in magnetoelectronics [1]. In addition, the influence of spin transport on the 
ultrafast magnetization dynamics has gained interest [2].  
We have developed a time-dependent macroscopic theory to describe spin 
transport in normal metals with collinear and noncollinear spin alignment [3,4] as 
an extension to the static Valet-Fert theory [5]. This approach shows the wave 
character of spin transport, which allows one to extract a finite spin-signal velocity 
[3,4] and is related to ballistic transport [6]. 

In this paper we concentrate on the influence of a magnetic field on a non-
collinear spin current pumped into a nonmagnetic material as shown in Fig. 1.  

 

 
Fig. 1. A pure spin current  is pumped from a ferromagnetic metal with a precessing mag-
netization  into an adjacent nonmagnetic layer subject to an external magnetic field . 
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Macroscopic Wave-Diffusion Theory 

The time-dependent spin dynamics in -direction under the influence of an exter-
nal magnetic field  can be described in terms of the spin density  and 
spin-current density  via [4] 

  1 

and 

  2 

where  denotes the gyromagnetic ratio and  is the diffusion con-
stant. Thus, the transport dynamics close the Fermi surface are determined by the 
transport parameters Fermi velocity , momentum relaxation time  and spin re-
laxation time  for each component . The difference of Eq. (1) to Ref. [4] is that 
we keep here the possibility of different longitudinal and transverse spin relaxa-
tion time  and , which makes it possible to separate the decay of the static and 
the dynamical spin component [7] as shown in Fig. 1. The time derivative of the 
spin current density in Eq. (2) is responsible for the wave-diffusion duality of spin 
transport [3,4] and thus for the smooth transition from the ballistic to the diffusive 
regime [6]. The decay lengths  corresponding to Eqs. (1) and (2) in a magnetic 
field pointing into the -direction can be calculated analytically [4] as function of 
the pump excitation frequency . If the pumped current is due to the precessing 
magnetic moment in the ferromagnetic layer around the same  field, the effec-
tive pump frequency is dependent on the magnetic field, . In this 
case, the magnetic field dependence of the decay lengths is small and one finds 

 [4,7].  Here, we will consider a fixed pump frequency  and a variable 
external magnetic field to investigate the influence of a magnetic field on time-
dependent spin transport. 

Spin Dynamics under the Influence of a Magnetic Field 

In Fig. 2 we show snapshots of  and  for different external magnetic 
fields in a permalloy/copper setup (cf. Ref. [7]). The parameters used are 

, ,  [7] and . The arrow at 
 in Fig. 2 (d), (e), (f) is the current pumped into the metal at the time of the 

snapshot. For small magnetic fields, the direction of the current is nearly the same 
as the pumped current. The spin density  has a small phase shift compared 
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Abstract   A semi-relativistic mean-field Lagrangian theory, which is based on 
the two-component wave-function, is developed. The Maxwell equations are cou-
pled self-consistently to the Pauli evolution equation. The sources of the Maxwell 
equations (charge and current densities) are derived up to second order in 1/c. 

Introduction 

The electromagnetic field associated to a femtosecond laser pulse is strong 
enough to significantly perturb the electronic charges and spins in condensed mat-
ter systems, so that relativistic effects – both in the dielectric and magnetic re-
sponses – may become important [1]. Given the intensity of the fields involved, 
nonlinear effects are also expected to play a considerable role. Thus, this scenario 
represents an ambitious theoretical challenge that requires modeling the nonlinear 
dynamics of a quantum-relativistic system of many interacting electrons. 

As a starting point, we begin with the Dirac equation for a many-electron sys-
tem in a mean-field approximation, coupled to the Maxwell equations in the Lo-
rentz gauge. We then perform a Foldy-Wouthuysen transformation [2] on the Di-
rac equation up to second order in 1/c, which gives the following Hamiltonian: 
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where  and A are the scalar and vector potential,  are the Pauli matrices, m and 
q are the mass and charge of the electron. 

The first term in Eq. (1) is the rest mass of the electron and the next two terms 
are those in the standard Schrodinger Hamiltonian in presence of electromagnetic 
fields. The fourth term is the Pauli spin term (Zeeman effect). The fifth and sixth 
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terms constitute the so-called Darwin correction and the last two terms represent 
the spin-orbit coupling. We neglected the relativistic correction to the kinetic en-
ergy. 

Lagrangian approach 

We derived a Lagrangian density: ),,,( AL  which returns the Pauli evolu-
tion equation:  

Hi t  
(where H is the above second-order Hamiltonian) when the Euler-Lagrange equa-
tions are applied to Ψ or Ψ*. The same Lagrangian density returns the Maxwell 
equations (in the Lorentz gauge) when the Euler-Lagrange equations are applied 
to  and A: 
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The bonus of this approach is that the Maxwell equations obtained in such a 

fashion automatically provide the charge and current densities that are compatible 
with the Hamiltonian (1). At zeroth order, one finds the usual Schrödinger charge 
density 0  as well as the current: 

In addition to the above zeroth order terms, the Lagrangian approach also pro-
vides second-order corrections to the sources. The actual expressions of the 
Lagrangian density and the second-order sources are rather involved and will be 
provided – along with their detailed derivation – in a forthcoming paper. These se-
cond-order corrections reflect the Darwin and spin-orbit terms in the original 
Hamiltonian (1). 

It can also be proven that the full sources (up to second order in 1/c) obey a 
continuity equation that is compatible with the conservation of charge that is im-
plicit in the Maxwell equations. 
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Conclusion 

The Lagrangian formalism that we developed allowed us to obtain, in a straight-
forward manner, the charge and current densities that are compatible with a se-
cond-order (in 1/c) Pauli-like Hamiltonian. These sources can be used in a mean-
field model that couples self-consistently the Pauli evolution equation with the 
Maxwell equations. In addition, the Maxwell equations should also be expanded 
to the same order in 1/c, along the lines presented for instance in Ref. [3]. This as-
pect will be discussed in a forthcoming study.  

This type of model may be useful for applications to dense and weakly degen-
erate electron plasmas created via intense laser pulses [4], as well as to inertial 
confinement fusion plasmas and nanometric systems excited with ultrashort laser 
pulses [1]. 
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Abstract   We calculate lifetimes due to electron-electron scattering in a 2D 
Rashba band structure and study the influence of the substrate screening. A com-
parison with measurements on the quantum-well system Bi/Cu(111) is presented.  

Introduction 

Giant spin splittings have been found in non-magnetic metallic QWs [1], and have 
been interpreted by effective Bychkov-Rashba [2] band structures. To understand 
the electronic dynamics in these systems, we use a 2D-electron gas model to study 
electron-electron scattering around the intersection of the spin-split bands. The re-
sults are compared with experimental data obtained from time- and angle-resolved 
2-photon photoemission spectroscopy (tr-2PPE), carried out on the Bi/Cu(111)-
QW-system, where the Rashba bands are unoccupied [1]. Also, we present our 
derivation of the statically screened potential in the thin Bi film and discuss the ef-
fect of the Cu-screening parameter .  

Lifetime calculation and comparison with experiment 

For the calculation of the lifetime due to electron-electron scattering we use a lin-
ear Rashba hamiltonian for electrons confined in the -plane with Rashba pa-
rameter , effective mass  and energy offset . 

  (1) 
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The corresponding eigenenergies and eigenvectors are 

and , where  is the Rashba-band index. 
The model is completed by adding two experimentally established facts for the 
Bi/Cu(111) system [1]: an additional occupied parabolic band, 

, whose electrons act as scattering partners for the excited electrons [3], and a 
nearly constant interband-scattering rate  in the considered energy range. The 
latter contribution is taken into account to obtain a total inverse lifetime 

 The important momentum (and, consequently, energy 
dependent) contribution to the inverse lifetime from electronic transitions in the 
(initially empty) Rashba bands due to Coulomb interaction with the occupied 
quantum-well band is 

  (2) 

Here we have introduced the imaginary part of the susceptibility  for 
the occupied band [4] in a linearized Boltzmann scattering integral.  is the 
matrix element for transitions  ,  is 
the transferred energy, and  is the Bose-Einstein distribution function. 

An important quantity in Eq. (3) is the statically screened Coulomb potential. 
We use here  with a dependence on the 3D-screening con-

stant of the substrate , which is much bigger than . For the derivation of  
we solve the Poisson equation for the potential  with an externally controlled 
charge at   and with the induced charge density expressed 
by the density of states of bismuth  . After a 
2D-Fourier-Transformation in the plane we find a general solution for the poten-
tial in the Bi layer depending on . Additionally we take the solu-
tions of the potential in the vacuum and in the Cu-substrate depending on  and 
require continuity. Because the screening in Bi is very small [5] and because the 
thickness of the layer is around 5 nm, we arrive at the expression for . 

We are interested here in the influence of the substrate screening constant on 
the lifetime, as shown in Fig. 1. The calculated results were obtained with the pa-
rameters  e min , 

e and , compared to the experimental data. The 
longest lifetimes are obtained at the minima of the bands, since the available phase 
space for intraband scattering processes decreases when approaching the band 
minimum. The dependence on the screening parameter is rather pronounced. For 

 [6], we obtain lifetimes close to the ones observed in the experi-



ment. The lifetimes become shorter for smaller substrate screening constants when 
the Coulomb interaction is screened less.  

 

 
Fig. 1. Calculated (lines) and measured (circles; Rashba bands intersect at ) 

lifetimes, from time-resolved 2PPE, in the Bi/Cu(111)-system. Calculations with different 
screening parameters in the copper substrate  are presented. 

The results of Fig. 1 show that for quantitative calculations of lifetimes in Bi 
quantum wells, a correct treatment of screening, including the substrate, is im-
portant. The increase of lifetimes towards the band bottom is well reproduced, but 
the variation of the lifetimes around the Rashba intersection point cannot be ex-
plained based on a pure Rashba band dispersion. It is likely that the dip in the 
measured lifetimes is due to a deviation of the band structure from the idealized 
Rashba model. 

Conclusion 

In summary, we presented a study on the influence of screening on electronic life-
times in empty Rashba bands, as they are assumed to be realized in Bi quantum 
wells. We showed the importance of the contribution of the substrate screening for 
the calculation of lifetimes. We ascribed characteristic differences between theory 
and experiment to a deviation of the band structure from a pure Rashba band 
structure.  
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Abstract   We develop a theory for magnetism of strongly correlated systems 
driven out of equilibrium by an external time-dependent electric field. We provide 
expressions for computing the effective interaction parameters between electronic 
spins, including a new interaction that we name twist exchange. Our theory is suit-
able for laser-induced ultrafast magnetization dynamics. 

Introduction and Method 

The theoretical study of magnetization in realistic systems is a challenging prob-
lem. In equilibrium, magnetic interactions in magnetic metals and semiconductors 
are non-Heisenberg [1-4], i.e., the lengths of magnetic moments and values of ex-
change parameters depend on the magnetic configuration for which they are com-
puted, which calls for an accurate ab initio formulation. The expressions for the 
exchange-interaction parameters were given years ago [5, 6], and they can be used 
within a classical Heisenberg model to simulate spin dynamics. However, this 
treatment is not expected to be appropriate for ultrafast dynamics [7], since the 
time scale of the excitations is faster than the typical scale of exchange interac-
tions (10÷100 fs). Exchange parameters are thus time-dependent. Our purpose is 
to derive their expressions in a general non-equilibrium framework, including ex-
ternal time-dependent fields [8]. The resulting formulas are valid for any time 
scale, thus they are applicable to ultrafast spin dynamics. 
 We consider a system described by the time-dependent multi-band Hubbard 
Hamiltonian, 
         Vb

a b
baa HtTtH )()(

,
,       1 

where italic letters a, b denote sets of site and orbital indexes; VH accounts for on-
site interactions between the electrons. The matrix element )(tT ba  accounts for in-

� Springer International Publishing Switzerland 2015
J.-Y. Bigot et al. (eds.), Ultrafast Magnetism I, Springer Proceedings in Physics 159
DOI 10.1007/978-3-319-07743-7_57

179



ter-site hopping and orbital hybridization due to both the equilibrium structure and 
an external time-dependent electric field, switched on at time 0t . Here we do not 
consider relativistic effects nor external magnetic fields, so )(tT ba  is spin-

independent.  
We write the partition function for the electronic system in the Kadanoff-Baym 

formalism and we derive an effective action that describes the system in equilibri-
um for 0tt , as well as out of equilibrium for 0tt . We assume spontaneous 
symmetry breaking (SSB) along the direction z, specified by the unit vector zu , 
and we study the spin excitations on the top of the collinear equilibrium ground 
state. Thus, we apply time- and site- dependent Holstein-Primakoff spin rotations 
to map the old fermionic fields a  into new fields a  having their spins 

aligned with t-dependent vectors )(tea , which are the unit vectors of the (classi-
cal) magnetic moments. The deviations of the )(tea ’s from zu  are described by 
auxiliary bosonic fields; in the low-energy sector we assume such deviations to be 
small, obtaining an action quadratic in the bosons. Integrating out the fermionic 
fields a  gives an effective bosonic action, and we finally map the bosons to the 

)(tea ’s to obtain the spin-spin interactions. 

Results 

Our results are presented in Ref.[8]. Here we summarize some of the main points.  
 We find that there are two forms of quadratic interactions between magnetic 
moments. The first form, ba ee , is exchange. The second form, zba uee , 
looks similar to an effective Dzyaloshinskii-Moriya interaction (DMI), but this in-
terpretation is not correct since relativistic effects are absent in our model. We 
note, instead, that an effective three-body interaction of the form cba eee  gen-
erates precisely this term when up to second-order deviations of the magnetic 
moments from zu  are considered. We have proposed the name twist exchange for 
this new interaction [9]. Our method provides both the equilibrium and the non-
equilibrium formulas for the coefficients describing exchange and twist-exchange, 
which are obtained after the fermionic field integration as convolutions of elec-
tronic Green functions and self-energies. These can be computed by the means of 
non-equilibrium dynamical mean-field theory. The formulas for exchange parame-
ters reproduce, in the particular case of the single-band Hubbard model in equilib-
rium, the results of Ref.[6].  

We find that the non-equilibrium spin-spin interactions are not, in general, local 
in time, i.e., the system has memory: the parameters depend on two times. We here 
present the formula for non-equilibrium exchange parameters in the Hartree-Fock 



approximation (Ref.[8] contains the more general formulas, also for twist ex-
change): 
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Here 'tttr , 2/)'( tttc , and t  is the Hartree-Fock self-energy (be-

cause of SSB, ), while ),( tf  and ),( tA  are, respectively, the time-

dependent occupation number and spectral function, related to the non-equilibrium 
Green functions via the relation ),(),(i),( tAtftG baba . As an application, in 

Ref.[8] we also derive the time-dependent spin stiffness tensor for a ferromagnet, 
which may be relevant for the interpretation of experiments where spin dynamics 
is induced by a laser beam of macroscopic size [7]. 
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Abstract The optical response of a plasma under strong X-ray laser excitation is 
investigated. We focus on the effects of the spin-dependent semi-relativistic cor-
rections on the polarization of the reflected and transmitted light.  

Introduction 

The study of the magneto-optical properties of a material exposed to an intense la-
ser irradiation is nowadays an active field of research. High intensity X-ray lasers 
could induce strong modifications of the magnetic order of a nanometric system 
[1]. Furthermore, by irradiating a thin metallic slab with high intensity laser pulse, 
a hot relativistic plasma of electrons whose speed approaches the speed of light 
could be generated [2]. The theoretical study of the light-matter interactions in 
such high-field regimes should include relativistic effects and quantum corrections 
induced by the excitation of the negative-energy component of the particle wave 
function. The simplest example of quantum relativistic phenomena is the spin-
orbit interaction. Particle confinement and high speed are the ingredients that in-
duce strong interaction between particle spin and the orbital motion. As an exam-
ple, valence electrons of a solid state material experience the strong Coulomb field 
of the ions and are accelerated at relativistic speed around the nuclei. In the same 
way a strong external X-ray field can induce a direct coupling between the elec-
tron plasma spin and its orbital momentum.  

Modeling relativistic quantum plasmas  

The plasma is described by using a quantum hydrodynamic formalism. In this 
framework, the plasma is defined in terms of the macroscopic charge (n), velocity 
( u ), and spin ( s ) densities. The plasma evolution equations are obtained in the 

� Springer International Publishing Switzerland 2015
J.-Y. Bigot et al. (eds ), Ultrafast Magnetism I, Springer Proceedings in Physics 159
DOI 10.1007/978-3-319-07743-7_58

183
.



semi-classical and semi-relativistic limit. The particle motion is governed by the 
so called Foldy-Wouthuysen Hamiltonian which is derived by expanding the Di-
rac Hamiltonian in terms of the Plank constant ħ and the semi-relativistic parame-
ter =v/c, where v, c are respectively the particle and the speed of light.  
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Here, ze  is the unit vector and we defined 
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qc  Details on the derivation of the equations will be given in a 

forthcoming publication [3]. The plasma equations of motion are rather complex 
to analyze. In our model we keep second order corrections with respect to  and ħ. 
This takes into account the direct coupling between the electromagnetic wave and 
the spin (last term of Eq. 2) and the spin-dependent corrections to the plasma 
speed (the terms of Eq. 3 proportional to ħ). The vectors E  and B  denote the 
electric and magnetic fields respectively. They include the laser field and the self-
consistent fields generated by the plasma current and density.  

We focus on the spin properties of the plasma and on their implications on the 
laser-plasma interaction. Important light-matter interaction phenomena like the 
Kerr and Faraday effects are usually explained in terms of the interplay between 
the spin and the orbital motion of the particles in a solid, gas or plasma. Spin oscil-
lations could induce a current along the transverse plane and generate an electro-
magnetic field, which is in general rotated with respect to the polarization plan of 
the laser and can modify the Kerr-Faraday angles. In particular, the modification 
of the light polarization plane is accentuated by the increase of the laser frequency. 
We study the evolution of a plasma slab with a thickness l0 (uniform in the trans-
verse plane) and density n0 excited by an intense source of X-ray linearly polarized 
light propagating along the z direction. The intensity of the laser is equal to 1014 W 
cm−2 and corresponds to electric fields with maximum amplitude of 1.6 · 109 V/m. 
X-ray lasers with similar intensity are currently used in experiments of spin excita-
tion in metals and organic systems [4-5]. In our simulations, we choose l0= 40 nm 
and n0= 1.5 10−4 nm−3. In fig. 1(a) we depict the trajectory of the transverse com-
ponents of the electric field of the incident (left panel) and reflected (right panel) 
waves. These quantities are particularly relevant since they could be directly 



measured in pompe-probe experiments. For sake of comparison, we depict (red 
dashed line) the same quantities when all the spin effects are neglected (i.e. by set-
ting s ≡ 0 everywhere in the equations). Thus our simulations show that strong la-
ser excitation of the plasma could lead to spin semi-relativistic effects which have 
a clear signature in the polarization of the propagating light. The study of the vari-
ation of the Kerr angle with respect to the laser energy is presented in Fig. 1.  

 

 
Fig. 1.  Trajectory in the transverse plane of the electric field of the transmitted (left panel) and 
reflected light (right panel). The simulations are pre-formed for spin (blue continuous curve) and 
spinless (red dotted curve) plasma. Laser frequency: 4.5·104 eV.  

In conclusion, a signature of the quantum relativistic corrections could be ob-
served on the Kerr and Faraday angles of a plasma excited by an intense laser 
pulse. Our results help on the interpretation of the origin of the light polarization 
resulting from pompe-probe experiments in thin films.  
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Abstract   The action of electric field of light on electronic dipoles, being the 
largest perturbation in physics of light-matter interaction, conserves the spin of 
electron. Nevertheless, an effective optical control of magnetism becomes possible 
due to spin-orbit interaction. Here we review the fundamentals and recent progress 
in the area of femtosecond opto-magnetism.    

Introduction 

The ever increasing demand for faster information processing has triggered an in-
tense search for ways to manipulate magnetically stored bits at the short time-
scale. However, there are many fundamental questions concerning the mecha-
nisms of ultrafast control of magnetism which are still poorly understood. This is 
mainly because an ultrashort stimulus brings a medium into a strongly non-
equilibrium state where a conventional description of magnetic phenomena in 
terms of thermodynamics is no longer valid. Obviously, if the pulse duration is 
much shorter than the time of thermal equilibration in the spin system (~100 ps), 
such a pulse brings the medium into a strongly non-equilibrium state, where a 
conventional description of magnetic phenomena in terms of thermodynamics is 
no longer valid. Generation of magnetic field pulses much shorter than 100 ps and 
strong enough to reverse magnetization (>1T) is an extremely challenging tech-
nical problem. As the result the dynamics of the magnetization reversal at the sub-
100 ps time-scale remains to be a very intriguing and rather unexplored area of 
modern magnetism. To solve the problem of generation of an ultrashort and strong 
pulse of effective magnetic field we suggest to employ a femtosecond laser pulse.  

In order to reveal the mechanism allowing an effective control of magnetism by 
light, we have to discuss the interaction between photons and spins using energy 
considerations. It can be shown, for instance, that the thermodynamical potential 

 of a non-dissipating, magnetically ordered medium with static magnetization 
M(0) and in a monochromatic light field E( ) includes a term: 
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     1 

 
where is the fundamental constant ijk is the magneto-optical susceptibility. 

In the electric dipole approximation the linear optical response of a medium to a 
field E( ) is defined by the optical polarization P( ) = E( )* From Eq. (1) 
one can easily see that the optical polarization P( ) should have a contribution 
P(m) proportional to the magnetization P(m)

i ( ) = ijkEi( )Mk(0). This contribu-
tion to the optical polarization results in a family of magneto-optical effects linear 
with respect to the magnetization. The magneto-optical Faraday and Kerr effects 
are examples of such phenomena.  However, from the same Eq. (1) one can also 
see that an electric field of light at the frequency  should act on the magnetiza-
tion as an effective magnetic field Heff directed along the wave-vector of the light  
 

     1 

 
For an isotropic medium ijk in this equation can be substituted by a scalar  

From the equation one can see that that right- and left-handed circularly polarized 
waves should act as magnetic fields of opposite sign. It is well known that due to 
the spin-orbit interaction the magneto-optical susceptibility in magnetic materi-
als can be very large.  

In my lecture I will discuss how to generate such ultrashort pulses of effective 
magnetic field and employ these pulses for investigation of ultrafast magnetization 
dynamics. It will be shown that circularly polarized femtosecond laser pulses can 
excite and coherently control the spins in magnetic materials [1]. The effect of this 
optical pulse on a magnetic system was found to be equivalent to the effect of an 
equally short magnetic field pulse with strengths up to several Tesla. I will 
demonstrate that the mechanisms of magnetic switching triggered by such pulses 
can be very counterintuitive. One example is illustrated in Figure 1. The figure 
shows single-shot magneto-optical images obtained in (Sm,Pr)FeO3 at different 
delays after excitation with a 100 fs pulse of effective magnetic field. Intuitively 
one expects that a magnetic domain is written during the action of magnetic field 
pulse. Unlike the expectations, the system hardly shows any sign of spin reorienta-
tion the first 2 ps and actual formation of a magnetic domain occurs long after the 
action of the field pulse [2].  
 
 
 
 



 
Fig. 1. Writing magnetic domains with 60 fs polarized laser pulses. The out-of-plane component 
of the magnetization can point "up" (black) or "down" (white). Circularly polarized pulses with 
opposite helicities + and -) create magnetic domains with opposite orientation of the magnet-
ization. Linearly polarized ( ) pulses produce a multidomain state. Each picture shows an area of 
approximately 70 ×70 μm2 [2]. 
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Abstract  Optical second and third harmonic generation (SHG and THG) on epi-
taxial ferromagnetic EuO films couple linearly to the ferromagnetic order parame-
ter. This is exemplified by investigating the effect of Gd-doping of EuO by SHG 
and the magnetization of very thin EuO films by the third-order magneto-optical 
rotation associated to THG. In contrast to the Faraday rotation the latter does not 
depend on the thickness of the film. 

The ferromagnetic semiconductor EuO possesses a variety of remarkably pro-
nounced magneto-optical properties [1]. Since nonlinear optics has a great poten-
tial to disclose the microscopic mechanisms of light-matter interaction and to get 
unique information about the crystallographic, electronic, and magnetic structure, 
including states that are inaccessible by linear optics, the investigation of the non-
linear optical properties of EuO is presently of special interest. Here we report on 
the second- and third-order optical response of epitaxial EuO(001) films. SHG and 
THG probe different directions of the three-dimensional magnetization. We apply 
SHG to investigate the effect of Gd doping on the in-plane magnetic order of EuO. 
The magnetization of out-of-plane-magnetized EuO films is probed by the third-
order magneto-optical rotation because, in contrast to the linear Faradayeffect, it 
does not depend on the film thickness. Thus, a magnetic rotation of up to 90° is 
obtained on films of 10 nm. 

EuO has a centrosymmetric cubic rocksalt structure. It undergoes a ferromag-
netic transition TC=69 K which retains the inversion symmetry. In 
centrosymmetric systems, SHG is only allowed if higher-order multipole contribu-
tions in the expansion of the electromagnetic light field are involved [2, 3]. In EuO 
this leads to Pi(2 ) = 0 ( i

ijk
c
ijk) Ej( ) Hk( ), where the time-invariant tensor 

i
ijk and the time-noninvariant tensor c

ijk are the second-order nonlinear suscepti-
bilities related to, in the leading order, crystallographic SHG and magnetization-
induced SHG, respectively. E( ) and H( ) denote the j-polarized electric-dipole 
field and the k-polarized magnetic-dipole field of the fundamental light, respec-
tively, that induce the i-polarized SHG polarization P(2 ). In contrast, electric-
dipole-type THG is allowed in centrosymmetric materials. This is expressed by 
Pi(3 ) = 0( i

ijkl
c
ijkl) Ej( ) Ek( ) El( ) where i

ijkl and c
ijkl are related to crystal-

lographic and magnetic THG, respectively. 
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The epitaxial EuO(001) films of 10-100 nm are probed with laser pulses of 120 

fs incident along the z axis with a setup described elsewhere [4, 5]. The EuO films 
were grown on a two-side polished YAlO3(110) substrate by molecular-beam 
epitaxy and protected by an amorphous silicon (a-Si) cap layer of 10 nm [6]. The 
direction of the film magnetization M was set by magnetic fields of 0.1 T (M||x, 
M||y) or 3 T (M||z). 

 

 
Fig. 1. Magnetically induced SHG and THG on EuO(100). (a) SHG spectrum at 10 K and 0Hy = 
0.1 T with light from c

xxy. (b) Temperature dependence at 2  = 2.6 eV. (c) THG spectrum at 
10 K and 0Hz = 3 T with light from c

yxxx. (d) Temperature dependence at 3  = 2.0 eV. 

In Fig. 1 we see the spectral and temperature dependence of the SHG and THG 
signal obtained on the EuO(001) films. The SHG signal is gained from c

xxywhich 
probes the y component of the magnetization. The emergence of the SHG signal at 
69 K evidences its magnetic origin. The resonant enhancement of the SHG signal 
below 2 =2.5 eV coincides with the 4f7  4f65d1(t2g) two-photon-resonant tran-
sitions of the Eu2+ ion [4]. The THG signal is gained from c

yxxxwhich probes the z 
component of the magnetization. Again, the emergence of the nonlinear signal at 
about 69 K evidences its magnetic origin. The transition is less sharp than in the 
SHG measurement because of the larger magnetic field applied in order to orient 
the magnetization out-of-plane. The THG spectrum reveals two-and three-photon-
resonant 4f7  4f65d1(t2g) transitions of the Eu2+ ion [5]. 

After Fig. 1 has established SHG and THG as probe of the ferromagnetic order 
of EuO, Figs. 2 and 3 show applications of the two techniques. In Fig. 2 the tem-
perature dependence of the SHG amplitude (i.e. the square root of the SHG inten-
sity) from c

xxy at 2.60 eV is shown for a series of Eu1-xGdxO samples with 0 < x < 
19.5%. We see that at x = 0.64% the Curie temperature begins to increase up to 
120 K at x = 2.65%. The temperature dependence becomes distinctly non-
Brillouin-like with increasing doping. Figure 2 is in striking coincidence with 
magnetization measurements on the Eu1-xGdxO system reported in [7]. The dou-
ble-dome-like temperature dependence is related to complementary Eu- and Gd-
driven ferromagnetic ordering processes, possibly supplemented by magnetic 
polaron formation, as explained in detail elsewhere [8, 9].   

Optical magnetization control in EuO films 191



 

 
Fig. 2. Temperature dependence of the SHG amplitude from c

xxy at 2.60 eV for Eu1-xGdxO(001). 

Figure 3 shows the polarization analysis of the THG signal emitted from a 
EuO(100) film which was subjected to magnetic fields of 0 and ±3 T applied 
along the z axis. At 0 T the maximum of the THG signal is observed at A=0°. 
The magnetization along the z axis is 0 and, accordingly, no magneto-optical rota-
tion occurs: The polarization of the incident light at  and the emitted light at 
3 both point along the x axis. At ±3 T the maximum of the THG signal is shifted 
to A = ±80°. The magnetic field rotates the magnetization into the z direction and 
this rotates the polarization of the THG wave by 80° or 80°, depending on the 
sign of the magnetization. The impressively large value of this third-order magne-
to-optical rotation is independent of the thickness of the EuO film. Even in films 
of 10 nm the value of the rotation is fully retained. In higher magnetic fields the 
rotation can be increased up to 90° [5]. 

 

 
Fig. 1. Polarization dependence of the THG signal at 10 K and 3  = 2.0 eV with light from 

c
yxxx. The angle (3) refers to the third-order rotation, i.e., the rotation of the polarization of light 

at 3  with respect to the polarization of the light at . 
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We thus see that nonlinear optics is a versatile probe for the magnetic order 
of EuO films. While this order can also be probed by magnetization measurement, 
the nonlinear optical approach opens new degrees of freedom. Spatial resolution 
can be used to image sample inhomogeneities and domain structures. Most of all, 
the investigation with pulsed lasers gives access to dynamical processe down to 
<1ps in pump-probe experiments. In comparison to linear optics, SHG and THG 
allows one to excite additional electronic transitions and distinguish them. In addi-
tion magneto-optical effects are often larger in nonlinear than in linear optics. In 
particular, magneto-optical rotation by up to 90° is obtained on films of 10 nm 
whereas Faraday rotation would be <<1°. 
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Abstract   We observed different frequencies of the magnetization precession 
within GHz-THz range in Co-substituted yttrium iron garnet films by exciting lin-
early polarized femtosecond pulses. The photomagnetic effect can be useful for 
non-thermally controlling of spin systems and ultrafast switching in magnetic de-
vices. 

Introduction 

Previous studies have revealed the fascinating role of electron-spin-based phe-
nomena in spintronic and magnonic devices operating in a wide frequency range. 
The functionality of garnet systems has been shown to be very broad: for example, 
the excitation of surface plasmons, the propagation of nonlinear spin-waves, the 
photomagnetic effect [1], the observation of the inverse Faraday effect induced by 
an ultrafast laser pulse [2], and many others. Optical non-contact methods offer 
special ways of studying local spin-density effects with high spatial and temporal 
resolution. A recent study on a Co-substituted yttrium-iron garnet (YIG:Co) thin-
film reported a 20  angle of the magnetization precession through non-thermal ex-
citation by linearly polarized femtosecond laser pulses via photoinduced magnetic 
anisotropy [3]. Interesting light-induced magnetic properties have been observed 
in an ultrathin Co layer deposited on a garnet film. In this bilayer, damped oscilla-
tions in the Faraday rotation transients were demonstrated, representing 
precessional motion of the magnetization vector in both an ultrathin Co layer and 
garnet of the bilayer, with a modulation resulting from two distinct frequencies 
[4].  

We observed in YIG:Co films the magnetization precession with different fre-
quencies: an unexpected field-independent high-frequency mode and a field-
dependent low-frequency ferromagnetic mode within 1-10 GHz values. The polar-
ization dependencies in a wide spectral range were measured. 
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Results and discussion 

Experimental studies were performed on garnet films with a composition of 
Y2CaFe3.9Co0.1GeO12 on a gadolinium-gallium-garnet (001)-oriented substrate. 
The surface of the garnet thin film was treated with a low energy oxygen ion beam 
[5]. The saturation magnetization of garnets at room temperature was about 7 Gs. 
We used ferromagnetic resonance with an X-band microwave source and magne-
to-optical magnetometer to study the magnetic anisotropy of our samples at room 
temperature. The easy magnetization axis was slightly inclined from a <111>-type 
crystallographic direction relative to the sample plane. To investigate the spin pre-
cession using femtosecond laser excitation we performed Faraday rotation meas-
urements on garnets using time-resolved tools with a magneto-optical pump-probe 
method. The polarization plane of the pump beam was along the [100] and [010] 
crystallographic axes, when we have maximal amplitude of magnetization preces-
sion in the garnet film. On the contrary, the polarization plane of the probe beam 
was along [110] axis. We measured the Faraday rotation angle (proportional to the 
out-of-plane component of the magnetization) of the probe pulses as a function of 
the delay time and external in-plane magnetic field H. 

Figure 1 shows the results for the magnetization precession as a function of the 
delay time at H=0.75 kOe with different polarizations of pump light. We observed 
that the precession of the magnetization with an opposite phase is triggered as 
non-thermal characterization of ultrafast dynamics in garnets.  

 
Fig. 1. Time-resolved Faraday rotation for linear pump polarizations along [100] and [010] axes 

of pump laser pulses with in-plane magnetic field H=0.75 kOe. 

At the initial timescale, up to few picoseconds, the high-frequency mode was 
observed. This mode was independent from the external magnetic field at a wide 
spectral range (800-1600 nm) of pump light. The low frequency mode increased 



linearly with the amplitude of the applied magnetic field. In this case, the observa-
tions agree with the behavior for ferromagnetic spin resonance modes in garnet 
films [4]. During pulses of about 20 ps, we simultaneously observed the relaxation 
of the high-frequency precession and the excitation of the low-frequency preces-
sion of the magnetization. This excitation is consistent with an optically induced 
magnetic anisotropy change in a garnet film [3]. Though qualitatively similar in 
behavior, the ultrafast dynamic modification of the anisotropy differs from the 
static one in the orientation of the light polarization, which raises a question about 
the origins of the two modifications. In this case, one can expect that the ultrafast 
photomagnetic anisotropy at YIG:Co may be connected with femtosecond excita-
tion of magnetic ions in tetrahedral sites, using light excitation of the exchange 
resonance mode. 

The experimental studies and analysis as demonstrated show the possibility of 
non-thermally exciting and controlling the magnetization of ferrimagnets using 
femtosecond laser pulses by the ultrafast photomagnetism. Our result allows for 
the possibility of tunable manipulations of the magnetization switching with fre-
quencies from GHz up to THz values. 
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Abstract   Wavelength- and time-resolved magneto-optical Kerr measurements on 
CrO2 and LSMO show a strong dependence on transient optical parameters lead-
ing to a not obvious interpretation of MOKE data. Comparing the complex Kerr 
angle and the transient reflectivity allows us to reveal the true spin dynamics in 
strong correlated ferromagnetic oxides. 

Introduction 

Time-resolved magneto-optical Kerr (TR-MOKE) effect has been exploited to 
measure ultrafast laser induced magnetic dynamics for almost 20 years. Since the 
the pioneering work of Beaurepaire et al. (Ref. 1), the reliability of the technique 
has been questioned especially in the sub-picosecond timescale. Many experi-
ments demonstrated that in simple ferromagnetic (FM) metals, e.g. Cobalt and 
Nickel, the Kerr signal follows the real magnetic dynamics in a perturbative re-
gime and for pump-probe delays longer than the electronic thermalization time. 
Although that, the problem has not been as much debated in other kind of FM ma-
terials like magnetic oxides where spin, orbital and charge orders are strongly cor-
related. 

In this paper we exploited broadband pump-probe spectroscopy in order to 
study laser induced MOKE dynamics in CrO2 and La0.67Sr0.33MnO3 compounds. 
Detecting the complex Kerr angle in a wide spectral region allows us to avoid 
bleaching and state blocking effects. By a careful characterization of the MOKE 
signal we are able to distinguish the pump induced evolution of the diagonal and 
off-diagonal elements of the dielectric tensor which are strictly related to the elec-
tronic structure and the magnetic order.  
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Experimental results 

The studied samples are half metallic CrO2 and La0.67Sr0.33MnO3 (LSMO) epitaxi-
al films. They are characterized by a high spin polarization at the Fermi level due 
to the presence of an energy gap in the minority electronic density of states and by 
a double exchange mediated ferromagnetic order. 

Time-resolved MOKE are performed in a temporal window of about 50 ps ex-
ploiting ultrashort (50 fs) laser pulses generated by an amplified Ti:sapphire laser 
centered at 800 nm (1.55 eV). Part of the beam energy is focused in a Sapphire 
plate to generate a white light supercontinuum employed as probe beam. The 
probe spectrum ranges between 400 and 750 nm corresponding to 2.75 and 1.65 
eV. This energy window is particularly important in FM oxides since it includes 
several electronic features as minority band gap and insulator to metal transition. 
Kerr rotation  and ellipticity , together with transient differential reflectivity 

R/R, have been measured in longitudinal MOKE geometry with a p-polarized 
probe light (Ref. 2). The normalized modulus of the complex Kerr angles | | = 
( 2 + 2)1/2 are reported in Fig. 1 as a function of the pump-probe delay and probe 
wavelength for CrO2 (panel a) and LSMO (panel c). In a spectral window of about 
200 nm the MOKE signals show different dynamics. In CrO2 a fast (1 ps) decrease 
is clearly visible close to the UV region while a slower change is observable at 
lower energies. In LSMO (panel c) the Kerr angle enhances up to 20% at about 
540 nm while reduces to about 15% of its static value at 650 nm. The experi-
mental results sort out that TR-MOKE cannot genuinely reveal the spin dynamics 
in such systems. The complex Kerr angle is a function of the diagonal xx and off-
diagonal xy components of the dielectric tensor.  While xy is proportional to the 
sample magnetization, the transient xx depends only on charge evolution. As 
demonstrated by Carpene et al. (Ref. 3), TR-MOKE can be largely affected by 
pump induced dynamics of xx and only a careful analysis of the transient rotation, 
ellipticity and reflectivity can univocally bring to xy. 

Following the same method we have disentangled the charge contribution from 
| |. The results are reported in Fig. 1 (panels b and d). In panel b, the normalized 
modulus of xy shows the same dynamics for all wavelengths in CrO2 disclosing a 
slow demagnetization taking place in more than 50 ps (Ref. 3). On the other hand, 
in LSMO similar spin dynamics are present for wavelength higher than 600 nm. In 
the spectral region spreading from 450 to 540 nm, | xy| drastically increases as if an 
optically activated enhancement of the magnetization occurs. This behavior of the 
dielectric tensor cannot be completely attributed to a pure spin dynamics since xy 
strongly depends on the electronic structure and the state filling close to the Fermi 
level. It is interesting to notice that 540 nm (2.3 eV) matches the estimated values 
of the half-metallic gap for minority spin electrons. The experiments are still in 
progress and different stoichiometries of LSMO will be studied to find out the cor-
relation between the observed effects and the strongly correlated electronic, mag-
netic and crystalline structures. 
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Fig. 1. Normalized modulus of the complex Kerr angle  and xy: (a-b) CrO2 and (c-d) LSMO. 
Insets: value of | |/| 0| and | xy | at +1 ps (CrO2) and +2.5 ps (LSMO) delay. 
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Abstract   Heat Assisted Magnetic Recording (HAMR) is being staged as the next 
technology to replace perpendicular magnetic recording (PMR) in the hard disk 
drive industry. In this paper we will introduce HAMR and discuss some of the 
challenges and opportunities for this new technology. 

Introduction 

As shown in Figure 1, in 2012 the hard disk drive industry shipped 569 million 
hard disk drives with an average capacity of 702 GB per drive.  In other words, the 
industry shipped a combined 400 Exabytes of storage capacity.  This is a 10% in-
crease in exabytes shipped over 2011 and a 46x increase over the last ten years.  
As the chart shows, much of the total capacity shipped has been due to the in-
crease in the capacity of the drives.  Accounting for the increase in the number of 
heads and media per drive during this time frame, the areal density has increased 
by 23x during the last 10 years. 

Due to limitations in the size of the field a magnetic recording head can gener-
ate and scaling rules in the media, it will not be possible to continue areal density 
growth using current magnetic recording technology.  In a HAMR system, the 
media is temporarily heated during the recording process.  This magnetically sof-
tens the recording media so that it can be recorded on with conventional magnetic 
writers.  By heating the media we can use high coercivity materials, such as FePt, 
to extend the areal density capability.  
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HAMR Recording Process 

 
Fig. 1.  Exabyte, unit and average drive capacity industry growth trends 

In currently shipping hard disk drives the track pitch is already well below the dif-
fraction limit of light.  To confine light beyond the diffraction limit a near field 
transducer is required.  Figure 2 shows an SEM image of one type of NFT1 and 
some modeling results showing the scalability of this design.  Light incident on 
the NFT is converted intoa surface plasmonand propagates down the edges of the 
NFT disk.  When the surface plasmonsreach the peg at the bottom of the disk, 
theyinteract with the mediacausing it to heat up.  This causes a drop in coercivity 
so that a nearby field source can change the orientation of the magnetization of the 
media enabling the storage of data. 

HAMR Challenges and Opportunities 

Recent demonstrations of HAMR have exceeded 1TBPSI2 areal density on the 
spin stand and early prototype HAMR drives have been built3.  The main impedi-
ment to full commercialization of HAMR is the reliability of the NFT and head-
disk mechanical interface.  During the recording process the media is heated 
above the Curie temperature of the medium.  For FePt, the Curie temperature is 
between 350C and 450C necessitating peak temperatures in the media between 
450C and 550C.  Developing head and media overcoats that can withstand these 
kinds of temperatures over the 5+ year operable life of a typical hard drive are 
challenging.  In addition, the NFT is a highly resonant structure and any changes 
in its shape or physical properties over the life of the drive can lead to a reduction 
in coupling efficiency into the media or outright failure of the NFT.  To solve this 
problem new NFT designs and/or materials capable of withstanding higher tem-



peratures but still possess the necessary physical properties to support surface 
plasmons 

 
Fig. 2.  Scalability of NFT with various bit-aspect ratios (BAR) and a TEM image of an actual 

NFT 

Conclusion 

HAMR has demonstrated the necessary areal density capability to meet the every 
growing needs of the world-wide demand for data storage.   Reliability of the NFT 
and the head-disk mechanical interface still needs further improvement before full 
scale commercialization of the technology can begin. 
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Abstract   Careful analysis of experimental data obtained from photo-induced fer-
romagnetic resonance (ph-FMR) for systems incorporating magnetic junctions 
shed light on spin dynamics associated with interface magnetism. Examples are 
grate field-dependent magnetic damping in a Fe/(Ga,Mn)As and enhanced preces-
sion amplitude in a Co/Pd multi-layered structure. In the former, we discuss a sce-
nario of spin pumping induced by a domain wall across the interface. For the lat-
ter, we discuss a scenario of efficient energy transfer from orbital (electronic) to 
spin sub-systems at the Co/Pd interface. Those examples suggest importance of 
magnetic interfaces on ultrafast magnetic phenomena. 

Introduction 

Photo-induced precession of magnetization in ordered-spin systems, call hereafter 
the photo-induced ferromagnetic resonance (ph-FMR), is an interesting phenome-
non in that the energy of ultra-short laser pulses is stored in part for relatively long 
duration in a spin sub-system in the form of precession with natural damping. This 
phenomenon was studied in various magnetic materials, including metals, semi-
conductors, and insulators, with the aim to directly extract parameters associated 
with magnetization dynamics. In this paper, we are concerned with two new topics 
in ph-FMR: a spin current during the magnetization precession and efficiency of 
energy transfer at the initial state of ph-FMR. As to the spin current, I show grate 
field-dependent magnetic damping in a Fe/(Ga,Mn)As heterojunction, and discuss 
spin pumping induced by a domain wall across the Fe/(Ga,Mn)As heterojunction. 
As for the efficient energy transfer, I show ph-FMR in an ultra-thin Co/Pd multi-
layered structure in the regime of low energy excitation as low as 0.25 μJ/cm2 per 
a laser pulse of 150 fs, and suggests a mechanism of efficient energy transfer from 
orbital (electronic) to spin subsystems in the vicinity of the interface region at 
which contribution of orbital angular momentum is supposed to be large.  
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A Fe/(Ga,Mn)As system 

We have studied the ph-FMR for three samples with different structures; a 
(Ga,Mn)As single layer, a Pt/(Ga,Mn)As heterostructure, and a Fe/(Ga,Mn)As 
heterostructure [1,2]. The Mn content x is x = 0.045 for all cases. In the single 
(Ga,Mn)As, precession frequency  increases and precession lifetime  decreases 
with increasing an external field applied along the easy axis. The resultant  
products remain almost constant in this case. Similar trend is observed in 
Pt/(Ga,Mn)As, except that the  product is smaller than that of (Ga,Mn)As. The 
value of inverse  product, so called the effective Gilbert damping , is  = 0.07 
and 0.15, respectively, for (Ga,Mn)As and Pt/(Ga,Mn)As. The enhanced magnetic 
damping in Pt/(Ga,Mn)As can be understood qualitatively in terms of the spin 
pumping. To our surprise, in Fe/(Ga,Mn)As, the value of inverse ωτ product, 
which is larger than that of the Pt/(Ga,Mn)As (   0.23) at H = 0, varies with an 
external field, reflecting the relative magnetic configuration between Fe and 
(Ga,Mn)As layers: the  value maximizes (   0.29 at H = 70 Oe) when the 
crossed magnetic configuration is realized between the two layers, whereas the α 
value minimizes at the parallel configuration (   0.07 at H ≥ 400 Oe). The  - H 
curves follow well with the corresponding M2 - H curves. We infer that the great 
field-dependent change in damping could be attributed to the spin-wave excitation 
in the domain well appearing at the Fe/(Ga,Mn)As interface.  

A Co/Pd multi-layered structure 

As for the ultra-thin Co/Pd multi-layered structure, which has been known for the 
interface-induced perpendicular magnetic anisotropy [3], a change in the ampli-
tude A and frequency f of ph-FMR occurs with alternating the structural parame-
ters. When the Co layer thickness is varied (tCo = 0.3  1.4 nm) with the constant 
Pd layers thickness (tPd = 1.62 nm), a change in the amplitude can be explained 
within the framework of a standard gyromagnetic model; A  1/f. On the other 
hand, when the Pd layer thickness is varied (tPd = 0.1  2.6 nm) with the constant 
Co layer thickness (tCo = 0.78 nm), the ph-FMR amplitude increases significantly 
by a factor of fifty with reducing the tPd value despite of a very moderate change 
in the static magnetic characteristics [4]. Consequently, ph-FMR with the excita-
tion as weak as 0.25 μJ/cm2 per fs-laser pulse has been observed in the [Co/Pd]5 
sample with tPd = 0.2 and tCo = 0.78 nm. The data have been analyzed using a 
model which connects the amplitude and parameters associated with spin dynam-
ics, through which we have concluded that the observed enhancement in the FMR 
amplitude is due to enhanced efficiency of energy transfer between orbital and 
spin sub-systems. A microscopic mechanism on the basis of super-lattice model 
will be discussed at the time of presentation.  



Conclusion 

Experimental results of ph-FMR for two different layered-structures have been re-
viewed, through which important roles of magnetic interfaces have been pointed 
out. Tailoring interface would lead us to the development of new magnetic materi-
als that would not be achievable with single layers, especially in view of spin dy-
namics in ultra-short time scale. 
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Abstract. It is shown experimentally that in a two-dimensional array of Permalloy 
nanodots the lifetime of the electromagnetic microwave radiation at the sub-
harmonic frequency originated from the parametrically excited ferromagnetic res-
onance mode is increased by two orders of magnitude compared to the case of a 
continuous magnetic film.  

Introduction 

When magnetic elements are reduced to a sub-micrometer size, their spin wave 
(SW) spectra are modified substantially [1]. In particular, in a flat cylindrical 
magnetic dot of radius R the long-wavelength spin waves having wave number k < 
1/R are excluded from the SW spectrum and the frequency degeneracy between 
the quasi-uniform ferromagnetic resonance (FMR) mode and higher SW modes is 
removed. This spectral modification qualitatively changes all nonlinear dynamic 
properties of the dots, as they become insusceptible to the four-wave nonlinear 
processes that limit the FMR precession amplitude. Due to reduction of the dot 
sizes the lifetime of the electromagnetic radiation at a sub-harmonic frequency 
originated from the parametrically excited FMR mode is essentially increased.  
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Experiment and discussion 

We investigated two-dimensional square arrays of cylindrical Permalloy dots hav-
ing the radius R = 1000 nm, distance d=1000 nm between the dot edges and two 
different thicknesses: L1=100 nm (array #1) and L2=12 nm (array #2) formed on 
GaAs substrate. As a “control” sample we used continuous Py film of the thick-
ness of 100 nm formed on the same substrate.  

We studied the process of parametric generation of a subharmonic of external 
microwave signal (having frequency twice of the FMR frequency) in a dot array 
(Fig. 1). The sample was subjected to simultaneous action of the long (9 μs), pow-
erful (10-100 W) pulse of microwave parallel pumping ( p/2 =9.4 GHz) and short 
(30 ns) and weak (10 μW) pulse of synchronizing signal at half of the pumping 
frequency, and output microwave signal Pout  was received by an antenna. The 
output signal appeared only when the pumping amplitude exceeded the threshold 
of parametric excitation of the FMR mode. The maximum value of Pout was ob-
tained by tuning the in-plane bias magnetic field H0 to achieve the resonance con-
dition 0 p/2 of the FMR mode with the pumping subharmonic [2]. 

The measured time dependences of the power of subharmonic radiation Pout are 
presented in Fig. 2. If the parametric pumping is switched on, the output power 
Pout (intensity of the radiated subharmonic signal) starts to increase exponentially. 
A maximum level determined by a four-magnon mechanism of power limitation is 
reached after t=200-300 ns, and the output power in continuous film grows faster 
than in both patterned samples due to higher threshold of parametric excitation. 
The temporal evolution of Pout in continuous film and dot arrays is different. In 
continuous film Pout(t) decreases exponentially Pout ~ exp(- , where τ ≈200 ns. 
This decrease is caused by competitive four-magnon interaction of the FMR mode 
with the parametrically excited SWs having frequencies close to FMR frequency. 
These SWs have the lowest threshold of parametric excitation in continuous mag-
netic film. For the dot arrays patterning leads to exclusion of the majority of four-
wave processes of magnon relaxation limiting the amplitude of the quasi-uniform 
FMR mode in continuous film and bulk magnetic samples. This exclusion resulted 
in substantial enhancement of nonlinear properties of the magnetic dot arrays. In 
particular, the patterning resulted in increase of the characteristic time of paramet-
rically induced subharmonic radiation from the arrays in two orders of magnitude 
in comparison to continuous film. The slow decrease of the radiated subharmonic 
power observed in Fig. 2 is caused by the microwave heating of magnetic dots and 
can be substantially reduced by reducing the dot thickness [2]. 



Conclusions 

Nano-structuring of magnetic material by fabricating 2D dot arrays leads to devel-
opment of a novel metamaterial with nonlinear microwave properties that are sub-
stantially superior to that of magnetic films and traditional bulk magnetic materi-
als. These properties can be controlled by the geometric parameters of materials’ 
nanostructure. This novel metamaterial can be useful for applications in micro-
wave signal processing devices operating at high levels of microwave power.  
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Fig. 1. Two-dimensional array of Permalloy dots: R is the dot radius, L is the dot thickness, d – is 

the distance between the dot edges, M0 is the saturation magnetization, H0 is the in-plane bias 
magnetic field, and hp is the magnetic field of microwave parallel pumping. 
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Fig. 2. Measured dependence of the normalized output power Pout on the time of action of the 

microwave pumping: red line – continuous film, black line – dot array #1, green line – array #2. 
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Abstract   Ultrafast photo-induced rotation and ellipticity are observed in 
multiferroic hexagonal manganite YMnO3, which we attribute to the optical spin 
alignment and orientation within the charge transfer transition A1-E1 at ~1.6 eV. 
The recombination decay time of ~500 fs and the Raman coherence time of ~5 fs 
have been determined. We attribute the ultrashort coherence time to the strong 
electron Coulomb interaction. 

Introduction 

Ultrashort pulsed lasers have opened new opportunities for implementing coherent 
control of electronic and magnetic states in matter, which is important for applica-
tions in multidisciplinary fields such as information processing, opto-electronics, 
and spintronics [1]. Ultrafast phenomena are widely studied in various materials. 
However the important problem of the light-matter interaction on the shortest time 
scales of tens of femtoseconds remains essentially unresolved. In this paper, we 
report on the photo-induced ultrashort phenomena observed in strongly-correlated 
multiferroic manganite YMnO3 which possesses an intense band at ~1.6 eV.  

Results 

Undoped 3d-transition-metal oxides are typically good insulators with a large op-
tical gap in the range of 1-4 eV. The material of choice for our study is hexagonal 
manganite YMnO3 (P.G. 6mm), which is widely studied by various techniques. 
Besides interesting multiferroic properties, this material demonstrates an unusual 
optical spectrum with an isolated charge-transfer transition at ~1.6 eV [2]. Moreo-
ver, it exhibits large second and third order optical nonlinearities [3,4].  
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The pump-probe setup for time-resolved transient measurements including the 
lock-in detection method has been described earlier [5]. The modulation of the 
pump beam is accomplished by a photo-elastic modulator. The λ/2 and  λ/4 mode 
modulations create linearly and circularly polarized pump light and are used for 
the measurements of photo-induced linear and circular anisotropy, respectively.  

During the excitation, an electron moves from the oxygen O2−(2p6) states to the 
Mn(3d(z2)) state. This process is shown in Fig. 1(a) for the electronic transition A1 
→ E1. The lifetime of this transition was measured via pump induced reflectivity 
using a conventional chopper modulation working at 2 kHz (see Fig. 1(b)). The 
excited carriers relax with a recombination decay time of 500 fs, which is distin-
guished from coherent electron dynamics, as we show below.  

 

 
Fig. 1. (a) Schematic energy-level diagram for the dipole-allowed optical transition A1 → E1 be-
tween the hybridized O2−(2p6) states (|g> is the ground state) and the Mn3+(3d4) states (|x>, |y> 
are the excited degenerate states). (b) Dynamics of the photo-induced reflectance in YMnO3, 

points are experimental results, the line is a fit by an exponential function. 

In the pump-probe experiment a linearly polarized pump beam generates a non-
equilibrium electron polarization. The less intense linearly polarized probe beam 
with an angle of 45° between the polarization planes of pump and probe beams 
experiences different phase velocities and absorptions for its x- and y-components, 
resulting in changes of optical rotation and ellipticity. This effect will be referred 
to as the photo-induced linear anisotropy. Upon circular excitation by the pump 
beam, the angular momentum of the absorbed light is transferred to the medium 
creating a non-equilibrium electron polarization with a nonzero angular momen-
tum. In the following, this effect will be referred to as photo-induced circular ani-
sotropy. The left and right circularly polarized components of the linearly polar-
ized probe beam consequently experience different phase velocities and 
absorptions, giving rise to the circular birefringence and dichroism. 

Results on the ultrafast photoinduced linear and circular anisotropy in YMnO3 
for the different pulse durations of 17 and 34 fs are shown in Fig. 2. The 
dynamical response here is definitely faster than 100 fs, i.e. the electron relaxation 
dynamics accessed in this experiment are at least one order of magnitude faster 
than the carrier relaxation dynamics shown in Fig. 1(b). The signals of linear-
induced ellipticity and circular induced rotation have a strongly asymmetric shape 



with a sign change for both pulse durations. The photoinduced rotation θ and 
ellipticity є have been fitted with the phenomenological expression 

  1 

where t is the pump-probe time delay,  σ is the width of the Gaussian pulse, erf 
is the Gauss error function. 

Fig. 2. Experimental data on linear- and circular-induced phenomena for pulse duration times of 
17 fs and 34 fs (dots). The calculated dependencies of temporal behavior of the photo-

induced phenomena on the basis of Eq. (1) are shown by solid lines. 

Complex coefficients A and B are functions of the diagonal and non-diagonal 
elements of the dielectric tensor. The Raman coherence time τR was obtained by a 
fitting procedure taking into account the complex character of the photoinduced 
phenomena with linear and circular excitations.  

The Raman coherence time τR = 5 fs has been determined for two experiments 
with pulse durations of 17 and 34 fs. The calculated dependencies of temporal 
behavior of the photoinduced phenomena on the basis of Eq. (1) are shown in Fig. 
4 by lines, which are in good quantitative agreement with the experimental data on 
linear- and circular-induced phenomena.  
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Abstract   We report on magnetic field dependent four wave mixing signals emit-
ted from an iron bismuth Garnet film. The coherent and population contributions 
to the magneto optical response are separately measured in a three beams configu-
ration. Advantages of this technique over the commonly used pump probe mag-
neto-optical configurations are discussed.  

Introduction 

Since ultrafast demagnetization was observed [1], several approaches are used to 
explain the loss of angular momentum induced by ultrashort pulses in magnetic 
materials. One of them considers the coupling between photon and spin momenta 
giving rise to coherent magnetism. Previous experiments based on Kerr and Fara-
day pump probe experiments show that the coherent contribution plays a non-
negligible role in the demagnetization process [2]. On the other hand, the transfer 
of angular momentum between the orbital and spin momenta has been recently un-
raveled using femtosecond X-ray pulses [3]. In this work, we report on the magne-
to optical coherent emission measurement based on four wave mixing configura-
tion. 

Coherent magnetism 

The physical origin of ultrafast coherent magnetism can be understood by taking 
into account the spin photon interaction in the framework of short pulse excitation 
of a magnetic system. The following interaction Hamiltonian considers a single 
electron of mass m, charge e, momentum p and spin s: 
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strong magneto optical response and its transparency at 800nm makes it a good 
candidate for degenerating four wave mixing measurements at this wavelength.  

 

 
Fig. 2.. a) Population magneto optical contribution as a function of delay T for  =0. Full sym-

bols: =30° with a corresponding precession period Tp=162ps. Empty symbols: =150° , 
Tp=146ps. b) Coherent Magneto Optical contribution measured by varying the delay  and set-

ting T=500fs. 

As shown in Figure 2, this experimental configuration allows a selective meas-
urement of coherent and population contributions involved in the magnetization 
dynamics. Figure 2.a) illustrates the MOFWM signal Sk1k2k3( ,T) measured as a 
function of the delay T. The oscillations correspond to the precession of the mag-
netization around the effective magnetic field. The period of the oscillations de-
pends on the magnetic field orientation. The double exponential decay is related to 
the population of spins involving the spin-lattice interaction. In contrast, the dy-
namical signals Sk1,k2,k3 measured as a function of  with a fixed T=500fs for two 
opposite directions of the magnetic field =90° and =-90° gives information on 
the coherent spins dynamics. The difference Sk1,k2,k3( ,T=500fs)= 
Sk1,k2,k3( ,T=500fs)|H+ - Sk1,k2,k3( ,T=500fs)|H-  corresponds to the magneto optical 
coherent contribution as shown in Figure 2b). Details concerning the respective 
role of the coherent and population dynamics of the spins in the magneto-optical 
response will be reviewed and discussed. 
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Abstract   We show a photoinduced magnetic phase transition from antiferro-
magnetic to ferromagnetic ordering in a strongly correlated manganite during 
~100 fs laser pulses when optical polarization still interacts with spins. This re-
veals an initial quantum coherent regime of magnetism, which is driven by fast 
quantum spin-flip fluctuations correlated with a coherent superposition of many-
body electronic states. 

There is growing evidence that femtosecond transient polarization of condensed 
matter systems during a laser pulse can be used to manipulate spin or change 
magnetic order [1]. Non-adiabatic coherent photo-excitation during very early 
times can be used to control subsequent slower dynamics driven by the free ener-
gy or excited potential surface. This research provides fascinating opportunities to 
address outstanding and cross-cutting challenges of condensed mat-
ter/chemical/biological physics: how to achieve quantum control of magnetism 
and reveal highly non-equilibrium, “thermodynamically hidden” orders during 
femtosecond timescales? Recently we explored a new paradigm, referred as to 
quantum femtosecond magnetism—fs magnetic phase transitions driven by quan-
tum spin flucations and laser-excited inter-atomic coherences [2]. Such far-from-
equilibrium many-body problems involve an extremely poorly-understood inter-
play between quantum coherence, strong correlation and nonlinearity. While 
thermodynamic, transport and linear optical properties do not depend as critically 
on these properties, we show they dominate ultrafast nonlinear spin and charge 
dynamics. 

The quantum fs magnetism provides a general quantum many–body framework 
for fs manipulation of ground states with magnetic orders and strong correlation. 
We use as example a prototype insulating ground state with CE–type 

� Springer International Publishing Switzerland 2015
J.-Y. Bigot et al. (eds ), Ultrafast Magnetism I, Springer Proceedings in Physics 159
DOI 10.1007/978-3-319-07743-7_

218

68
.



antiferromagnet-ic (AFM) and CO/OO orders, shown schematically in Fig.1. This 
phase consists of  one-dimensional (1D) zig–zag chains with alternating 
Mn4+/Mn3+ sites (CO) and ferromagnetically–aligned (FM) spins. Neigboring 
chains are AFM–ordered. The Mn t2g–orbitals are fully occupied by 3 electrons 
forming local S=3/2 spins Si on every site i. We denote the Mn3+ atomic states, 
with the additional electron of spin si populating a Mn eg–orbital. Our understand-
ing of dynamics could build on classical or quantum spin scenarios. Classical sce-
narios neglect spin–flips. Electron hopping from site to site diminishes with in-
creasing angle between the local spin moments. Applied to our system, inter–
chain eg–electron hopping is suppressed by AFM spin alignment, which results in 
electronic confinement within the 1D chains (white arrows). This confinement 
suppresses fs spin dynamics, as eg and t2g spins remain parallel within the same 
chain, consistent with the slow ps magnetization changes observed thus far. In the 
case of quantum spin picture, photoinduced electron hopping to sites with anti–
parallel local spin is possible when correlated with accompanying quantum spin–
flips (red arrows). Photoexcitation thus populates degenerate non–equilibrium 
quantum states of photoexcited and local electron spins, shown schematically in 
Fig. 1:  
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where is shorthand for orbital, lattice, and spin quantum numbers. The eigen-
values (J, M) characterize the total spin Ji=si + Si. The quantum coherent superpo-
sition Eq.(1) allows for fs spin dynamics, driven by the off–diagonal Hund’s rule 
magnetic interaction, during timescales shorter than the phonon oscillation period. 
It is suppressed in the classical spin limit S→ ∞. 

 
Fig. 1. A quantum many-body scheme for fs manipulation of a CE-type AFM order. Quantum 
spin–flip fluctuations allow eg electrons to hop on sites with opposite local t2g spin, by forming 

non–equilibrium total spin state as illustrated (Eqn. 1 in the text). 

Below we show femtosecond photo-induced switching from antiferromagnetic 
to ferromagnetic ordering in Pr0.7Ca0.3MnO3, by observing the establishment 
(within about 120 femtoseconds) of a huge temperature-dependent magnetization 



with photo-excitation threshold behavior absent in the optical reflectivity. Typical 
data showing the general temporal profile of the photoinduced ellipticity change 
η, are plotted in Fig. 2, for the first 25 ps. The sign of η is positive, indicating 

tran-sient photoinduced magnetization enhancement. Distinct temporal regimes 
can be identified with different pump fluence dependence: at low pump fluence, 
there is a slow, ps gradual enhancement (up to ~30 ps). In strong contrast to this, 
at high pump fluence above a threshold behavior is seen ~ 2.5 mJ/cm2, an initial 
fast, fs increase (~120 fs) in magnetization is followed by a slow ps enhancement 
with periodical oscillations. This distinctive threshold, “step-function-like” en-
hance-ment in the magnetization is indicative critical photoinduced antiferro- to 
ferro-magnetic phase transitions. 

 
Fig. 2. Photoinduced transient magnetization changes obtained by two-color, NIR pump/UV 

probe MCD spectroscopy (1.5 eV /3 eV). A threshold behavior is seen ~ 2.5 mJ/cm2 for signifi-
cant magnetization enhancement within the first 120 fs, suggesting a photoinduced magnetic 

phase transition. 

The development of ferromagnetic correlations during the femtosecond laser 
pulse reveals an initial quantum coherent regime of magnetism, distinguished 
from the picosecond lattice-heating regime characterized by phase separation 
without threshold behaviour. Our simulations [2] reproduce the nonlinear femto-
second spin generation and further corroborate fast quantum spin-flip fluctuations 
corre-lated with coherent superpositions of electronic states to initiate local ferro-
magnetic correlations. 
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Abstract  Optical control of spins in the highly symmetric Heisenberg 
antiferromagnet KNiF3 is demonstrated. It is shown that Impulsive Stimulated 
Raman Scattering of light by magnons, combined with time-resolved magneto-
optical detection, allows the generation and detection of antiferromagnetic reso-
nances with unprecedented high sensitivity.  

Introduction 

Since the pioneering observation of ultrafast demagnetization in Ni by an intense 
femtosecond laser pulse [1], intense research efforts have been focused on the 
control of magnetism on ever shorter time-scales. Though a lot of the early works 
involved ferromagnets [2-3], the magnetization dynamics in antiferromagnets is 
intrinsically faster [4].  

Recently, selective excitation of spins has been achieved using THz radiation in 
the antiferromagnet NiO [6]. The same magnetic mode in the material was also 
accessed [5] through the opto-magnetic effect, which is described in terms of Im-
pulsive Stimulated Raman Scattering (ISRS) [4]. Although the energy of the opti-
cal stimulus lay in the gap, it corresponded to a weak localized d-d transition. 
Thus real electronic transitions were excited and energy dissipation did occur. We 
also note that NiO has a complex strongly anisotropic magnetic structure, which 
originates from the significantly unquenched orbital momentum [7] resulting in 
strong spin-orbit coupling. 

These results raise some fundamental questions: which of the optical or the 
THz stimulus provides the most efficient excitation of ultrafast spin dynamics? 
And, are magnetic anisotropy and absorption necessary requirements for opto-
magnetism? 

 
We address these questions, by an experimental investigation of the ultrafast 

optically induced spin dynamics in KNiF3. This cubic crystal has the perovskite 

� Springer International Publishing Switzerland 2015
J.-Y. Bigot et al. (eds ), Ultrafast Magnetism I, Springer Proceedings in Physics 159
DOI 10.1007/978-3-319-07743-7_69

221
.





 Our experiment shows that absorption and magnetic anisotropy are not necessary 
requirements for an optical generation of coherent magnons. We also note that the 
ISRS mechanism provides a broader excitation bandwidth, given the indirect cou-
pling between light and spins, than in the case of resonant THz pumping.  
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Abstract   A classical model based on the anharmonic Drude-Voigt model and the Max-
well’s equations is developed for modeling ultrafast nonlinear coherent magneto-optical 
experiments performed on ferromagnetic thin films. Our theoretical predictions of the Fara-
day angles are in good agreement with available experimental data. 

Introduction 

A spin-orbit like mechanism resulting from the direct interaction between the external field 
of the laser pulse and the electron spins of the material sample has been recently evoked for 
explaining the nonlinear Faraday measurements performed on Ni thin films [1]. After re-
calling the principle of the single-femtosecond-pulse Faraday experiment realized in [1], we 
present a nonlinear extension of the usual circular refractive indices based on a classical 
model which includes the spin-orbit interaction and needed for the modeling of the Faraday 
rotation angles. Comparisons between our theoretical predictions and the experimental data 
of [1] are presented. 

Nonlinear Faraday experiment and theoretical modeling 

Faraday rotation  and ellipticity  can be related to the complex phase  acquired dur-
ing the propagation of a polarized light of pulsation  through a magnetized medium of 
thickness d. It represents the phase shift between the right  and the left  circular po-
larization states of the incident light and can be expressed as  

  1 

where  are the refractive indices of the circular states ( ),  and  are 
respectively, diagonal and non-diagonal elements of the dielectric tensor  defined by 

. In [1], a 48 femtosecond laser pulse is focused on a ferromagnet-
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ic nickel thin film (d=7.5 nm) and, the rotation and ellipticity of the transmitted beam are 
measured. It was observed that these latter quantities exhibit a nonlinear dependence in the 
absorbed energy (or in the amplitude of the incident electric field). In the linear regime, the 
well-known expressions of the optical indices  are incomplete because they do not exhib-
it any dependence in the laser electric field amplitude. In order to extend the modeling to 
the nonlinear regime, we have derived nonlinear circular refractive indices from the Max-
well’s equation (similarly to the linear case) by adding a third-order polarization current 

 and a magneto-optical current coming directly from the spin-orbit interaction. 
Thus, we have been able to obtain new expressions of the refractive indices depending on 
the square and the fourth power of the amplitude of the incident electric field and on the 
third-order dielectric response functions 

 
This expression is used to calculate the rotation  of Eq. (1). The tensor elements are de-
termined by employing a classical anharmonic Drude-Voigt model and by calculating the 
first- and third-order dielectric polarizations of the bound and free charge carriers of nickel. 
Finally, magnetic properties of the sample are incorporated in the model by using the Weiss 
molecular field approach.                      

Results and Conclusion 

The normalized rotation  ( corresponds to the lowest absorbed energy) as a 
function of the absorbed energy has been calculated and compared to the experimental data 
reported in [1]. Since nickel has a band structure, the calculations have been performed by 
substituting the electron mass  by an effective mass meff. Our theoretical predictions of 

 depicted in Fig. 1 exhibit a nonlinear shape very similar to the one which is exper-
imentally observed.           

The main result of the present work is that a classical nonlinear theory seems to be well-
adapted to describe nonlinear magneto-optical effects and anisotropic phenomena. The pre-
sent model can also be improved by calculating the dielectric response functions within a 
quantum mechanical framework or/and by adding a magnetization dynamics which is pres-
ently missing. The difference between the experimental measurements and our theoretical 
predictions could be attributed to these improvements.  

 



 

Fig. 1. Normalized rotation angle as a function of the absorbed energy for different values of the 
effective mass: meff/me=1, 0.6, 0.4 and 0.3. Red circles are the experimental data reported in [1]. 
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Abstract   Chemically ordered and textured L10 FePtX-Y (001) granular media 
with high perpendicular anisotropy are being developed for future high areal den-
sity heat-assisted magnetic recording (HAMR) applications. Proper heat sink lay-
ers optimize the recording time window down to 0.1-0.2 ns and achievable areal 
densities beyond1Tb/in2. 

Introduction 

Current perpendicular magnetic recording (PMR) based on CoCrPt media is sup-
posed to achieve areal densities (AD) of 1-1.5 Tb/in2. Heat-assisted magnetic re-
cording (HAMR) based on FePt media is regarded to be the most promising op-
tion to extend AD beyond 1.5 Tb/in2 [1-3]. To write bits in HAMR, laser light is 
focused with a near field transducer (NFT) down to spot sizes below 50 nm in di-
ameter. The media grains experience very short heat pulses at temperatures of ~ 
850K, which are ~100K beyond the Curie temperature (TC). During this heat pulse 
a magnetic field orients the magnetization. Typical data rates of 1-2 Gbits/s re-
quire short time recording below one nanosecond at elevated temperatures neces-
sitating proper understanding of ultrafast magnetization reversal [4].The research 
on HAMR media is focused on chemically ordered L10 FePtX-Y (001) alloys with 
sufficient magnetic anisotropy to allow small thermally stable grains down to 
DG=4-5nm diameter relative to DG=7-8nm in CoCrPt based alloys [5-10]. Seagate 
reported a high HAMR areal density of 1Tb/in2 with linear density=1975 kfci and 
track density=510 ktpi in 2012 [2, 3]. They used, highly textured FePtX-Y (001) 
media with an average grain size <Dg>=9 nm and grain pitch <Dp>=10.5 nm. Go-
ing forward, HAMR heads, media, head-media-spacing (HMS) and read-back 
channel technologies need to improve to extend AD to 1.5-5 Tb/in2 [11]. Alterna-
tive technologies to HAMR are Microwave Assisted Magnetic Recording 
(MAMR) [12, 13], Bit Patterned Magnetic Recording (BPMR) [14, 15] and two-
dimensional magnetic recording (TDMR) [16, 17]. Extensions beyond 3-5 Tb/in2 
will likely combine HAMR with BPMR [18].  
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curs when the temperature exceeds TC. On the other hand, poor thermal gradients 
result in wide recording zones, which also deteriorate recording quality. 

A good design for HAMR media requires careful thermal engineering, where a 
heat-sink is located underneath the magnetic and the seed layer (Fig.1). The heat-
sink concentrates the heat on a small area and enhances the thermal gradient. In 
addition, proper thermal conductivity of the magnetic layer is important. Fig. 2 
shows plan view and cross sectional TEM images of a L10 FePt medium. A small 
mean grain size of 6.3 nm but a rather wide grain size distribution of 

D/<D>=26% is found [10]. So far, a smaller grain size distribution has been 
achieved only for larger grains e.g. D/<D>=16% and DG=7.2 nm [7]. A 
coercivity as high as HC=5.2T and anisotropy beyond Ku>4.5×107 erg/cm3 is pos-
sible. Hence, the small grains exhibit sufficient thermal stability for recording me-
dia applications [7-10]. 

  
Fig. 2. (a) Plan view TEM image, (b) histogram of the grain size distribution, and (c) cross-

sectional TEM image of 10 nm thick FePt-Y granular media. The grain aspect ratio is /D =1.5 
(from ref. [10]). 

 
Going forward the roadmap among other parameters requires many improvements 
to enhance AD beyond 1.5 Tb/in2. It is particularly important to reduce distribu-
tions, in particular of TC and grain size of the media [11]. 
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Abstract   We report on recent experiments addressing the interplay between 
magnetic ordering and spin/heat transport after femtosecond pulsed laser excita-
tion. First, we demonstrate ultrafast magnetic control of heat flow through a metal-
lic spin valve. Second, we show an experimental indication that superdiffusive 
spin currents can exert a spin-transfer torque on unprecedented timescales. 

Introduction 

The field of ultrafast magnetism has come a long way since the first observation of 
sub-picosecond demagnetization of Ni after femtosecond (fs) laser heating [1]. 
Where first it was only possible to create disorder in ferromagnetic materials, new 
phenomena like reversal of ferrimagnetic alloys [2,3] and the generation of large 
non-equilibrium spin currents [4] have shown to be possible by pulsed laser exci-
tation. Further exploring magnetism and spintronics on the ultimate timescale is of 
utmost importance to both fundamental understanding of these processes as to im-
prove the speed and efficiency of future spintronic devices. 

Here we present measurements on two phenomena in the field of spintronics, 
being giant thermal magnetoresistance (GMTR) and spin-transfer torque (STT), 
which yet are unexplored at (sub-)ps timescales after pulsed laser excitation. First, 
we show that the demagnetization of a ferromagnetic thin film can be altered by a 
neighboring spin-valve, providing magnetic control of heat transport on unprece-
dented timescales. Second, we discuss a pilot study of the control of the orienta-
tion of a non-collinear magnetic bilayer by ultrafast STT. 

Ultrafast Giant thermal magnetoresistance 

In metals thermal conductivity is governed by the free electrons, implying that 
thermal and electrical conductivity are related. In a magnetic bilayer separated by 
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a conductive spacer layer the electrical conductivity is related to the mutual orien-
tation of the magnetization in the magnetic layers, which is called giant 
magnetoresistance (GMR). The related effect, i.e. that the thermal conductivity of 
such a bilayer also depends on the mutual orientation, has already been demon-
strated [5]. Here, we investigate this so called GMTR on ultrafast timescales after 
fs laser excitation, paving the way for ultrafast magnetic control of heat flow. 

 

Fig. 1. (a) Sample grown for investigating ultrafast GMTR. (b) Change in demagnetization of the 
perpendicular Pt/Co/Pt layer by changing the orientation of the spin valve by an in-plane magnet-
ic field, including a reference measurements where the applied field was marginally smaller than 

the switching field.  

The idea behind the experiments is depicted in Fig. 1(a). An intense fs laser 
pulse heats a perpendicularly magnetized Pt/Co/Pt layer. The amount of heat 
transport is controlled by the Co/Cu/Co GMR stack below the top layer. In Fig. 
1(b) the change in demagnetization between the parallel and anti-parallel configu-
ration dM is plotted as a function of delay time as measured by time-resolved 
MOKE. When the in-plane field is too small to switch the GMR stack, no signal is 
observed. However, when the applied field exceeds a critical value, a clear change 
of about 1% in the demagnetization efficiency is measured. A negative value of 
dM means that the demagnetization is smaller in the parallel alignment. This is 
expected, since a parallel orientation means a large electrical and thermal conduc-
tivity, leading to faster transport of heat away from the top layer, finally resulting 
in a smaller demagnetization. 

Ultrafast spin-transfer torque 

Although the presence of ultrafast spin currents after fs laser pulse excitation is 
well established [6], these currents have not yet been used to actually control the 
orientation of magnetic layers on ultrafast timescales. Here, we show preliminary 
experimental evidence that ultrafast spin currents can induce a torque on a mag-
netic layer on unprecedented timescales. 
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Fig. 2. (a) Sample grown to investigate ultrafast STT. (b) Time resolved Kerr measurements, re-
vealing a precession of both the top and bottom magnetic layer. The lines through the data are 
fits with a double exponentially decaying sine, and the separate lines are the fitted individual 

precessions plotted with a slight offset for clarity. 

In Fig. 2(a) the sample to investigate STT after pulsed laser excitation is de-
picted. Two non-collinear magnetic layers are separated by a conductive spacer 
layer, allowing for exchange of angular momentum. Due to the non-collinear 
alignment the transferred spins exert a torque on the magnetization, bringing the 
system out of equilibrium. After the ultrafast spin currents, the magnetization will 
precess back to equilibrium. 

In Fig. 2(a) an example of the precessions induced by ultrafast STT is depicted. 
Two oscillations, corresponding to the top and bottom layer, can be clearly distin-
guished. The properties of these oscillations as a function of applied field, field 
angle, and spacer layer thickness suggest that superdiffusive spin currents from the 
bottom to top layer are at the origin of the precession of the top layer. The STT 
caused by superdiffusive spin currents can provide a method to switch the magnet-
ization of magnetic bits on unprecedented timescales. 
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Abstract   We report that picosecond acoustic pulses generated by femtosecond 
laser pulses can induce a change of the magnetization in ferromagnetic nickel 
films. We show that this effect can be used to manipulate the amplitude of the 
magnetization precession via a change in the magnetic anisotropy. The conditions 
for realizing magneto-acoustic devices will be discussed. 

Introduction 

Intense researches are being carried out for manipulating the spins in magnetic 
materials in the fastest and most efficient manners. The way of using femtosecond 
laser pulses, named “femtomagnetism”, is at the heart of ultrafast spin control [1-
5]. Recently, several groups have shown an alternative way of manipulating the 
magnetization using ultrafast acoustic pulses in various materials [6-9]. In the pre-
sent talk we will describe these methods, focusing on the magnetoacoustics in-
duced in Ni thin films by femtosecond laser pulses. 

Results and discussion 

The experiment was performed using the time-resolved magneto-optical Kerr ef-
fect. The pump pulses (150 fs, 397 nm) excite the front side of the sample and the 
variation in the reflectivity , the magneto-optical Kerr rotation , 
and ellipticity  are measured with two probe pulses (120 fs, 794 nm) on 
both the front and the rear sides of the film. The sample is a polycrystalline film of 
Ni (200 nm) deposited on a glass substrate. 

Figure 1(a) shows the calculated strain profile  at  30 ps induced by a 
pump pulse with an energy density   1.7 mJcm-2. The shape of the strain pulse 
is determined by the temperature profiles calculated by three coupled baths (elec-
trons, spins, and lattice) and a one-dimensional wave equation [6] that models the 
acoustic echoes propagating back and forth in the Ni film. The solid line in the in-
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set of Fig. 1(a) shows a fit of the reflectivity on the front side of the film using this 
model. The magneto-optical responses  (closed circle) and  (open cir-
cle) measured at the rear side of Ni are displayed in Fig. 1(b) for the magnetic 
field angle 25°. They show that the magnetization is first brought out of equi-
librium by the strain pulse at time /2 ( : round trip time of acoustic pulse), 
therefore initiating a motion of precession. The amplitude and the frequency of the 
precession motion have similar values for  and . The amplitude of 
precession is increased after  3 /2. In contrast,  and  slightly dif-
fer at . We attribute this difference to the magneto-optic spectral shape. 
Indeed, at the photon energy 1.5 eV, the static rotation  is almost flat while 

 has an abrupt variation. The polarities of the signals depend on the external 
field and can even have an opposite sign as shown for 0° in Fig. 1(c). 

 

Fig. 1. (a) Model of the strain profile at 30 ps. Inset: Model fit (solid curve) of the acous-
tic echo on the front side of the film. (b) Differential Kerr rotation  (closed circle) and 

 (open circle) probed on the rear side of the film with . (c) Same as (b) for . 

 

 

Fig. 2. Simulation of the magnetoacoustic response. (a)  for 25°. (b)  calcu-
lated as a function of l (bottom abscissa) or (top abscissa). (c)  for two  values. 

To understand the magnetoacoustic dynamics quantitatively, we calculate the 
perturbation induced by the strain pulse  considering the magnetoelastic energy 
in the Landau-Liftshitz-Gilbert equation (see [6] and references therein). Figure 
2(a) shows the calculated motion of precession triggered by the strain pulse for 

25°. Since the spectral variation of the Kerr signals, due to the strain, is not 
taken into account, the simulation curve is similar to the measured signal  
(fig. 1(b)) which has no sharp spectral feature. Importantly, the precession ampli-
tude is also increased after the arrival of the 1st order echo as pointed out in Fig. 
1(b). To account for this effect, we define  as the difference between the torque 
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value  after the 0th and 1st order echoes. As shown in Fig. 2(b), 
the variation of  as a function of the film thickness l is then calculated assuming 
a Gilbert damping parameter  for simplicity. For l = 200 nm, the fact that 

 indicates that the precession amplitude increases after the 1st order echo. 
In Fig. 2(c), the precession motion is shown for two points (A and B) marked in 
Fig. 2(b). We clearly see that the maximum (minimum) value of  produces a 
maximum (minimum) change of the precession amplitude. By introducing the 
precession period , we can find a simple relation for the variation of the preces-
sion amplitude and the strain echoes: , corresponding to constructive 
(destructive) effect for even (odd) number of m. This simple relation is useful for 
the design of magnetoacoustic devices as will be discussed in the presentation. 
 
In conclusion we have shown that acoustic pulses generated by femtosecond laser 
pulses in magnetic metallic films induce a motion of precession of the magnetiza-
tion which can be controlled by matching the round trip time of the strain pulse 
echoes with the period of precession. These results open a new way of controlling 
magneto-acoustic devices at room temperature. 
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Abstract   We observe all-optical switching (AOS) in ferrimagnetic Fe100-xTbx al-
loy films below, above, and in samples without a magnetic compensation point. 
AOS is linked to a low remanent magnetization MR and associated with laser heat-
ing up to the Curie temperature. Above MR = 220 emu/cc AOS is replaced by pure 
thermal demagnetization. 

Introduction 

Magnetization switching is at the heart of both modern information storage tech-
nology and fundamental science. Ultrafast laser pulses are promising to explore 
and finally reach the ultimate speed limit of this process without applying an ex-
ternal magnetic field. The process of ultrafast all-optical switching (AOS) has first 
been observed in thin GdFeCo alloy films [1]. A multitude of experimental and 
theoretical investigations have been performed with this material system [2]. 
However, for technological applications and for eventually gaining insight into the 
underlying physical mechanism, finding alternative AOS materials is of utmost 
importance. 

We present a new material system exhibiting all-optical switching [3]. Twelve 
samples of Fe100-xTbx alloys with Tb content between 19 at.% and 38.5 at.% are 
fabricated under ultrahigh vacuum conditions by magnetron co-sputtering and 
carefully characterized by SQUID-VSM measurements, Rutherford backscatter-
ing, and X-ray diffraction. All of them reveal a strong uniaxial perpendicular 
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magnetic anisotropy and an amorphous structure. Two of the samples (x = 24 at.% 
and 27 at.%) exhibit a magnetic compensation point at Tcomp = (218.5  1.0) K and 
Tcomp = (345.5  1.0) K, respectively. 

For the switching investigations an ultrafast regenerative laser amplifier system 
with a pulse repetition rate of 250 kHz and a pulse duration of 100 fs at the sample 
position is used. The orientation of sample magnetization is observed in situ by a 
Faraday microscope, where opposite magnetic states appear as black (M-) and 
gray (M+) areas (Fig. 1 a, b). The polarization of the switching pulses is altered by 
a zero order quarter waveplate. The AOS experiments are performed as follows: 
first, the sample is homogeneously magnetized in one direction by applying an ex-
ternal magnetic field (Fig. 1a). Second, the switching pulses are focused onto the 
sample surface, and the sample is subsequently moved below the laser spot in one 
direction, resulting in the formation of a narrow stripe domain with opposite mag-
netization direction compared to the surrounding material (Fig. 1b). Finally, by 
applying the contrary light polarization this written domain structure may also be 
“erased” (Fig 1c). Interestingly, AOS is found below, above, and in samples with-
out magnetic compensation point. If the erasing process fails, a helicity independ-
ent pure thermally demagnetized (PTD) state is witnessed, as observed below 22 
at.% and above 34 at.% Tb. The reason for this observation is the increase of rem-
anent sample magnetization MR and hence the presence of strong magnetic stray 
fields. Figure 1 d summarizes this finding: the AOS region (MR below 220 
emu/cc) is clearly separated and shows a different slope than the PTD region. Us-
ing the two temperature model, we calculated the equilibrium temperature of the 
electronic system and the lattice after laser heating and found them to be identical 
to the Curie temperature in this material. Therefore, we conclude that heating up 
to the Curie temperature is necessary for all-optical switching. But heating alone is 
not sufficient for AOS in Fe100-xTbx thin films [3]. The striking difference of exci-
tation with linearly (pure heating) and circularly polarized light is depicted in Fig. 
2. Thermally induced laser depinning of the domain wall is witnessed for linearly 
polarized light. Circularly polarized light induces AOS. 

In summary, the impetus for helicity dependent AOS in FeTb is determined by 
the properties of the laser pulses, but the ability for AOS is an intrinsic material 
property, given by the remanent sample magnetization MR. 
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As depicted in Fig. 1, the investigated Fe/Au bilayer stack, which is grown 
epitaxially on MgO(001) [1], is photo-excited by femtosecond laser pump pulses 
of 14 fs pulse duration and at 800 nm wave length, which are transmitted through 
the transparent substrate. The probe is sent to the Au surface in order to analyze 
the propagation dynamics of the excitations through the bilayer stack - similar to a 
time-of-flight experiment. Here, we use second harmonic generation to detect the 
excitations arriving at the Au surface for different Fe thickness. 

To become highly sensitive to spin-dependent excitations and their propagation 
dynamics we detect the second harmonic (SH) intensity for opposite Fe magneti-
zation directions. The SH intensity I2 (M,t)  |Eeven+Eodd|2, Eeven(t) is independent 
of M and Eodd(t)  M(t). Below, we discuss the SH magnetic contrast (t) and the 
pump-induced change even of Eeven; E0

even is the value before optical excitation. 
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Fig. 2. Results of back-pump front-probe experiments employing SH generation for detecting 
the propagation of excitations. The top panel shows the relative pump-induced change in the 

even SH field, the lower panel depicts the relative change of the magnetic contrast (t) for three 
Fe layer thicknesses at a fixed Au layer thickness of 30 nm. The solid line on top panel repre-

sents the second harmonic cross correlation which indicates overlap of pump and probe pulses. 

Fig. 2 shows the experimental results for three investigated layer stacks of 2, 11, 
and 17 nm Fe thickness combined with a constant Au thickness of 30 nm. The top 
panel depicts even(t) as a function of pump-probe delay (symbols) and the SH 
cross correlation of pump and probe pulses (solid line), which indicates time zero. 
The data exhibit a pronounced reduction at 40 fs delay and a recovery of the initial 



value within few ps. The variation with the Fe layer thickness dFe is characterized 
by a weaker change for larger dFe. 

The delay of the onset of the change originates from propagation of the fastest 
excitation through the Au layer [1]. In comparison to a variation of the Au layer 
thickness reported in [1] the variation in dFe leaves the delay of initial drop fixed. 
We therefore conclude that the propagation through Au determines the 40 fs delay 
of initial drop. 

In the magnetic contrast we identify a negative and a positive contribution to 
(t), which were reported to be dominated by ballistic and diffusive carrier 

propagation, respectively [1]. The isosbestic point near 90 fs close to zero 
magnetic contrast indicates that the two probed characteristic excitations can be 
well separated. The minimum value at 40 fs is more pronounced for smaller dFe. 
Although weaker, a comparable dependence is identified for the positive change in 

(t). Both signal contributions imply therefore a larger probability to excite the 
spin excitations probed at the Au surface for thinner Fe films. The short spin-
dependent mean free path (<3 nm) and lifetime (<10 fs) in Fe [1] provides a strong 
argument that for dFe>3 nm considerable relaxation occurs in the Fe layer, before 
the excitation can be injected into Au. In other words, the injection of ballistic spin 
currents into Au is limited to a thin Fe region at the Fe/Au interface. Due to the 
dominant contribution of injected majority holes [1] with a ballistic mean free path 
<1 nm which we estimated from electronic lifetimes [2] the active injection region 
is constricted to a Fe slice of 1 nm thickness at the interface. Thus, the observed 
effects weaken for larger dFe since less energy is deposited in the interface region. 

The time-dependence of even is regarded as the direct consequence of the 
carrier redistribution among Fe and Au. The weaker even for larger dFe is therefore 
explained by processes in the Fe layer, rather than by light absorption in Au, 
although the latter occurs for small enough dFe. 

Acknowledgment  Funding by the DFG through ME 3570/1 and by the EU 7-th framework pro-
gram (CRONOS) is gratefully acknowledged. 

References 

[1] A. Melnikov, I. Razdolski, T. Wehling, E. Papaioannou, V. Roddatis, P. Fumagalli, O.A. 
Aktsipetrov, A. Lichtenstein, U. Bovensiepen, “Ultrafast transport of laser-excited spin polar-
ized carriers in Au/Fe/MgO(001)” Phys. Rev. Lett. 107, 076601 (2011). 

[2] V. P. Zhukov, E. V. Chulkov, P. M. Echenique, “Lifetimes and inelastic mean free path of 
low-energy excited electrons in Fe, Ni, Pt, and Au: Ab initio GW+T calculations” Phys. Rev. 
B 73, 125105 (2006); V. P. Zhukov, E. V. Chulkov, P. M. Echenique, “Lifetimes of excited 
electrons in Fe and Ni: first-principles GW and the T-matrix theory” Phys. Rev. Lett. 93, 
096401 (2004). 

Ultrafast laser-excited spin transport in Au/Fe/MgO(001) … 243



All-optical switching in CoTb alloys: 
composition and thickness dependent studies 

 

Ute Bierbrauer*1, Sabine Alebrand1, Michel Hehn2, Matthias Gottwald2,3, 
Daniel Steil1, Daniel Lacour², Eric E. Fullerton3, Stéphane Mangin2, Mirko 
Cinchetti1 and Martin Aeschlimann1 

1 Department of Physics and Research Center OPTIMAS, University of Kaiserslautern, 
Germany 
2 IJL, Université de Lorraine, Nancy, France 
3 University of California, San Diego, USA 

* bierbrauer@physik.uni-kl.de  

Abstract  We investigate all-optical switching (AOS) in TbCo alloys, demonstrat-
ing that AOS occurs in a limited Tb concentration range and above a threshold 
thickness of the magnetic layer.  Overall, we find that the trend of the minimum 
laser fluence needed for light-induced domain formation depends on the sample 
composition. 

The possibility of writing and erasing magnetic domains exclusively with circular-
ly polarized femtosecond laser pulses [1] causes a lot of interest in applied and 
fundamental science. As for this effect no external magnetic field is needed for 
magnetization reversal, it is called “all-optical switching” (AOS). The only neces-
sary requirement for the light-induced domain formation is reaching a minimum 
threshold fluence. Within the first three years the investigations of AOS focused 
on the material GdFeCo. However, in the last year research activities on the mag-
netization reversal in other rare earth transition metal alloys were intensified [2-5]. 
Here, we focus on the material system TbCo, which is of high technological inter-
est due to its large magnetic anisotropy. We intensively studied the feasibility of 
AOS in this alloy for different Tb concentrations [2], demonstrating that AOS is 
possible in a Tb concentration range between roughly 20% and 30 %. Further-
more, we investigated AOS in different TbCo alloys, varying the thickness of the 
film. Dependent on the TbCo composition either an increasing or decreasing trend 
of the minimum threshold fluence needed for light-induced domain formation is 
observed for increasing film thickness. Additionally, we find that AOS only oc-
curs above a certain threshold thickness of the TbCo layer.  

To detect the AOS in TbCo we use a static Faraday imaging setup, which con-
sists of a white light source, a crossed polarizer-analyzer-pair and a CCD camera. 
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The optical pulses utilized to manipulate the magnetization in the thickness-
dependent study (duration: 400 fs, repetition rate: 6 kHz, central wavelength: 780 
nm) are delivered by an amplifier system. If switching only takes place for two out 
of the four combinations of helicity and sample magnetization we attribute the 
switching scenario to AOS, otherwise to pure thermal demagnetization. In both 
cases we determine the minimum threshold laser fluence that is needed to optical-
ly induce magnetic domains. 

Our samples consist of Glass|Ta(5nm)|TbxCo1-x(d nm)|Cu(2nm)|Pt(4-5nm). In 
the concentration-dependent study the thickness d of the TbCo film was fixed to 
20 nm and the concentration was varied from 12 – 34 %. For the thickness-
dependent measurements we choose three different Tb concentrations of 5, 26 and 
29 % and vary the layer thickness d from ~7 - ~40 nm.  

Table 1 summarizes the results of the concentration dependent study published 
in [2]. For the Tb concentration (x) range between 23 % and 32 % AOS occurred, 
while for lower or higher Tb concentrations only a pure thermal demagnetization 
was observed. However, note that for 23 % < x < 32 % AOS was only found for 
picosecond pulses, while for 23 % < x < 26 % AOS is additionally feasible for 
femtosecond pulses.  
 

Tb conc. x (%): < 23 23 - 26 26 - 32 >32 
AOS? no yes 

for fs and ps 
laser pulses 

yes, only 
for ps laser 

pulses 

no 

 
Table 1. Summary of the results of the Tb concentration-dependent study, published in [2]. 
 
We extended the previous study by varying the thickness of the TbCo layer for 

samples of different compositions (Tb26Co74, Tb29Co71, and Tb5Co95). For all 
compositions and layer thicknesses we measured the minimum threshold laser 
fluence Fmin needed for domain formation (see Figure 1). Dependent on the com-
position we find an increasing (Tb26Co74, Tb29Co71) or decreasing (Tb5Co95) trend 
of Fmin with thickness. We attribute this to differences in the strength of the de-
magnetizing field which generally favors the formation of magnetic domains. As 
the demagnetizing field increases with increasing layer thickness [6], its influence 
leads to a decreasing trend of the minimum threshold fluence with the layer thick-
ness. Furthermore, the demagnetizing field is higher the higher the saturation 
magnetization MS of the sample is [6]. Therefore the influence of the demagnetiz-
ing field is much stronger for Tb5Co95 (where MS is eight times higher than for 
Tb26Co74 and Tb29Co71 [7]) compared to Tb26Co74 and Tb29Co71 causing a decreas-
ing trend of Fmin with increasing layer thickness.  

Finally we devote to the thickness-dependent AOS behavior. As can be seen in 
Figure 2 AOS (marked by open diamonds) was only observed for compositions 
which show an increasing trend of Fmin with thickness. In other words, AOS only 
appears if the saturation magnetization is small, which confirms the observations 
made by Hassdenteufel et al. [3]. Moreover, AOS only occurs above a minimum 
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Abstract   The methods of generation and characterization of ultrashort acoustic 
strain pulses for ultrafast magnetoacoustics in ferromagnetic multilayer structures 
are discussed. Mechanisms and limitations of acoustic generation at the nano-scale 
are revealed.    

Introduction 

Ultrafast magnetoelastic interactions at the nano-scale represent an emerging re-
search direction, where the first experiments were performed in ferromagnetic 
semiconductor GaMnAs at cryogenic temperatures [1] and nickel at room temper-
ature [2]. One of the biggest questions concerns the possibility of magnetoacoustic 
switching using ultrashort acoustic pulses with duration shorter than the period of 
ferromagnetic precession [3]. Here we review the generation and characterization 
of ultrashort acoustic pulses in hybrid gold-cobalt bilayer structures [4,5], which 
may serve as good candidates for the magnetoacoustic switching experiments.  

Generation of picosecond acoustic pulses 

Ultrashort acoustic pulses can be generated by thermal expansion of metal trans-
ducer irradiated by femtosecond laser pulses [6]. Energy absorbed by the electrons 
may escape from the optical the skin depth  during the electron 
phonon-relaxation time  into possibly much larger electronic heat 
diffusion depth . Here χ,  and  denote the heat conductivi-
ty, electron-phonon coupling constant and the electronic heat capacity, respective-
ly. The heat diffusion depth  determines the spatial extent of heated lattice re-
gion, which generates the acoustic pulses of duration  , where  stands for 
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the speed of sound in the transducer. The electron-phonon relaxation time and the 
electronic heat conductivity are both relatively large for noble metals leading to 

. For ferromagnetic metals  nm and the shortest 
acoustic pulses can be obtained.  On the other hand, despite being inefficient 
optoacoustic transducers, the noble metals appear to be quite useful for the acous-
tic detection. We will show below that the hybrid metal-ferromagnet bilayer struc-
tures can be used to generate and detect ultrashort acoustic pulses in different con-
figurations.   

Optical measurements of picosecond acoustic pulses 

It was shown recently that optical pump-probe experiments can be used to meas-
ure the ultrashort acoustic strain pulses in hybrid gold-cobalt-sapphire multilayer 
structures. In the first proof-of-principle experiment (see Fig. 1a) the ultrashort 
acoustic pulses were excited by optical pumping (pump wavelength 400 nm) of 
the cobalt layer through the sapphire substrate and detected via the acoustic modu-
lation of the wave vector of time-delayed femtosecond surface plasmon polariton 
pulses (probe wavelength 800 nm) propagating at the gold-air interface. Meas-
urements were performed by the time-resolved surface plasmon interferometry 
with tilted slit-groove plasmonic microinterferometers. Acoustic pulses with spa-
tial extent of 10 nm and duration of 3ps were observed in these experiments. Re-
markably large strain amplitudes exceeding 1% of lattice constant could be direct-
ly measured. 

 

 

Fig. 1. (a) Ultrafast acousto-plasmonics in gold-cobalt bilayer structures is used to measure an 
ultrashort acoustic strain pulse η(z,t) generated in cobalt (see the inset). (b) An unusual genera-
tion of ultrashort acoustic pulses in cobalt via super-diffusive hot electrons through gold is re-

vealed in simple pump-probe reflectivity measurements. The time derivative of probe reflectivity 
(see the inset) gives the profile of a 2ps-long acoustic pulse generated in cobalt.  

The detailed analysis revealed that the shape of ultrashort acoustic pulses can 
be extracted not only from the sophisticated plasmonic measurements, but also 
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from much simpler reflectivity measurements [7].  For the acoustic pulses shorter 
than the acoustic passage time through the skin depth of probe light, 

 ps, the time derivative of probe reflectivity gives the acoustic pulse 
shape.  We have used this technique to study the acoustic generation in gold-
cobalt-sapphire samples when exciting and probing the gold surface (see Fig. 1b). 
A surprising observation is that a very efficient super-diffusive transport by hot 
electrons through gold leads to the overheating of electrons in cobalt resulting in 
the efficient heating of cobalt lattice. Due to the strong electron-phonon coupling 
the lattice temperature in cobalt becomes much larger as compared to the adjacent 
gold. The 2ps duration of the acoustic pulse emitted by thermal expansion of co-
balt is determined by diffusion length nm of hot electrons in cobalt. 
These pulses are even shorter than 3ps long pulses generated by the direct optical 
pumping of cobalt transducer. The exponential decay of the acoustic pulse ampli-
tude as a function of gold thickness (data not shown) reveals the heat penetration 
depth in gold of  nm, in agreement with previous theoretical estimates 
[8].  

Besides an exotic mechanism to generate ultrashort acoustic pulses by transient 
overheating of cobalt through the cold layer of gold, our measurements provide a 
different perspective on the phenomenon of transient demagnetization in nickel 
mediated by hot electron diffusion through gold [9].  
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Abstract   The recently derived Landau-Lifshitz-Bloch equation of motion for 
two-component magnetic systems, including ferri- ferro- and antiferromagnets, 
provides a framework to analyze species dependent ultra fast demagnetization 
rates. In agreement with reported experimental observations, we show that Gd 
sublattice demagnetizes slower then FeCo in GdFeCo. However, we predict that at 
high initial temperatures Gd should be faster than Fe, providing the possibility to 
control the polarity of the transient antiferromagnetic state.   Our results indicate 
that typically Fe should be slower than Ni in FeNi. The situation is opposite if Fe 
is 4 times stronger coupled to the electronic system than Ni. 

The element-specific synchrotron measurements, using X-ray circular magnetic 
dichroism, have opened the possibility to evaluate separately the ultra fast demag-
netization rates in multi-component magnetic alloys. Prominent examples are 
measurements in GdFeCo [1], where it was established that Gd sub-lattice is much 
slower than Fe. Differently, in NiFe the two sub-lattices have similar demagneti-
zation rates and the debate on which is faster is still going on [2-4].  It has been 
proposed that the ratio between the magnetic moment and the Curie temperature, 

materials [5]. Following this ratio, any rare earth material is clearly at least 3-5 
times slower than any transition metal. At the same time, recently it has been es-

the Curie temperature [6]. Thus, the question what is the relative demagnetization 
speed in each metal comprising a multi-component ferromagnet is not trivial.  

The Landau-Lifshitz-Bloch (LLB) equation, recently derived for a two-
component system [7], can help to elucidate this question. For pure longitudinal 
processes (when the sublattices magnetizations remain parallel) we write the LLB 
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TC, is a good figure of merit to establish the ultrafast demagnetization rates of 

tablished that a typical “fast” transition metal Ni can become “slow” approaching 



equation for each sublattice  and for the reduced magnetization  
in the form: 

 

Here  is the gyromagnetic ratio and are the equilibrium magnetization 
values. The longitudinal damping and the rate parameters are evaluated in the 
mean-field approximation. Namely, 

 

where  is the parameter representing the atomistic coupling to the heat bath 
(proportional to the scattering rate),  is the Boltzmann constant, T is the temper-
ature,  , ,  is the intra-sublattice exchange parameter 
and z is the average number of the neighbors of the same species,   is the inter-
sublattice exchange parameters and  is the average number of neighbors of the 
opposite species. The temperature-dependent rate parameters are expressed in 
terms of the longitudinal susceptibilities  as: 

 

 
Fig. 1. Atomistic simulations of longitudinal relaxation in disordered GdFeCo ferrimagnet with 
25% of Gd under a  heat pulse with initial temperature 300 K and final temperature 0.75TC=600 
K (left) and 0.975TC=780 K (right). The demagnetization curves are normalized to the value at 

2ps. The parameters of GdFeCo are taken from Ref.[9].  

 The longitudinal relaxation rates can be evaluated as the eigenvalues of 
the two coupled linearized LLB equations. This indicates that one cannot attribute 
a one-exponential decay to each of the sublattices. Nevertheless, for FeCoGd the 
analysis of the demagnetization rates shows that for temperatures not close to TC,  

 
Time [ps] Time [ps] 



 and FeCo and Gd sublattices can be prac-
tically described by one eigenvalue. In this temperature region Gd is much slower 
than FeCo. Close to TC, however, the situation surprisingly changes and our model 
predicts that Gd becomes faster than FeCo. To confirm these predictions, we pre-
sent the corresponding atomistic simulations in Fig.1. One of the consequences of 
the change of relaxation rates is the possibility to observe the “inverted” transient 
ferromagnetic state at high temperatures [8], i.e. directed towards Fe instead of 
Gd. 

As for the relaxation in NiFe, our results show that since the two-sublattices Fe 
and Ni are strongly coupled, one cannot characterize their individual ultra fast dy-
namics in terms of one-exponential behavior. Nevertheless, following the common 
experimental practice, we fit the magnetization relaxation curves to one exponen-
tial decay.  Fig.2 presents the ratio between Ni and Fe demagnetization times as a 
function of their coupling to the bath parameters and the pulse temperature. Be-
cause Fe and Ni are similar transition metals, one can expect similar coupling to 
the bath parameters for both in their alloy. This indicates that in normal situation 
Ni is faster than Fe. However if one assumes that Fe is 4 times stronger coupled to 
the electronic system, as also discussed in Ref.[4], the situation is opposite. 

 
Fig. 2. The ration between Ni and Fe relaxation times in FeNi alloy, obtained from the LLB-

based simulations, as a function of the ratio of the coupling to the bath parameters and the maxi-
mum pulse temperature. 
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It has been demonstrated that ultrafast laser excitation can suddenly change the 
orientation of the easy-axis of magnetite- anisotropy and trigger spin-precession 
around the new equilibrium with the frequency of ferromagnetic resonance (FMR) 
see Ref. 1 and Fig. 1a. However, the lifetime of these effects is limited by the time 
of the spin-lattice interaction, which is in the range of 10 ps-1 ns. Optically excited 
lattice vibrational modes [2] could also drive magnetization dynamics at the 
acoustic frequencies by inducing coherent oscillations of magneto-crystalline 
anisotropy value. These oscillations affect magnetization equilibrium and lead to 
the magnetization tracking of the new equilibrium Fig. 1b. Unlike pure spin 
resonances, these coupled modes are characterized by small damping and able to 
maintain coherence of the magnetic mode up to microseconds [3]. 

Results and discussion 

 
Fig. 2. Femtosecond laser excitation of magnetization oscillations in FeBO3 at the 

frequencies f=0.5 GHz and 2f, measured at room temperature for different magnetic fields. 

Here we demonstrate that coherent oscillations of laser-induced magnetic 
anisotropy can be realized in single crystalline FeBO3, an easy-plane weak 
ferromagnet [4]. It has extremely low value of the intrinsic in-plane magnetic 
anisotropy, what makes it almost isotropic in the easy-plane and very sensitive to 
external perturbations including stress and optical excitation. 



 

Laser-induced magnetization dynamics are characterized by relatively big 
oscillations amplitudes ≤ 50 and very small damping. Unlike FMR the frequency 
of the oscillations is hardly sensitive to the external magnetic field while their 
amplitude drops significantly upon a slight increase of the field (Fig.2). We argue 
that these oscillations can be explained in terms of light-induced longitudinal 
mechanical strain which via modulation of the in-plane anisotropy value acts like 
a driving force on the magnetization dynamics. Strong anharmonicity of the 
observed magnetization dynamics includes single and doubled frequencies and 
originates from nonlinear coupling between the excited longitudinal sound and 
magnetization. Such coupling becomes effective because big values of laser-
induced dynamical stain ~10-4, which is one order of magnitude higher than static 
magnetostrictive deformation in FeBO3[5]. 
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Abstract   Laser-induced ultrafast demagnetization in TbFeCo has been studied 
with a dual-pumping system. Five different laser power combinations were 
performed at three different time intervals between the two pump pulses. The 
experimental results are also compared with computational simulations using the 
atomistic model. The results demonstrate that the ultrafast demagnetization can be 
controllably manipulated in both its magnitude and temporal response. 

Introduction 

Laser-induced ultrafast demagnetization has been investigated for many years[1-3] 
since Beaurepaire et al first demonstrated it in ferromagnetic Ni film[1], and it is 
still one of the most important issues in the application of high density and fast 
write-read speed magnetic recording techniques.  

This paper is devoted to a dual-pump manipulation of ultrafast demagnetization 
of the TbFeCo sample using two laser pump pulses in sequence, with variable 
laser power and time intervals. The intensity of Pump1 or Pump 2 can be varied 
by using a separate attenuator, and the time interval between them can be tuned 
via an optical delay line.  
 
A group of dual-pump induced ultrafast demagnetization measurements have been 
presented and compared with computational simulations based on the atomistic 
model. As shown in Fig 1, the additional reduction in magnetization excited by the 
2nd pump pulse demonstrates a controllable manipulation of the magnitude and 
temporal response of demagnetization dynamics, by tuning the intensity and time 
interval of the 2nd pump. In Fig 2, it also proves that with the same total pump 
intensity, the total demagnetization rate is independent of the intensity 
combination or the time interval between two pumps. And one may have more 
freedom to manipulate the additional demagnetization induced by Pump 2 if 
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Pump1 hasn’t fully demagnetized the spin system. Moreover, the temporal 
response of the ultrafast demagnetization can be manipulated by setting different 
time intervals between Pump1 and Pump2, from 0 to 0.97 ps, as shown in Fig 3. 
This dual-pumping scheme provides an effective technique to manipulate both the 
magnitude and temporal response of the ultrafast demagnetization, which would 
play a significant role in inscribing information to magnetic materials, at a desired 
time scale, for future magnetic recording technologies. 
 

 

Fig. 1. Dual-pump induced demagnetization with an increasing Pump2    (a): Fixed Pump1 and 
variable Pump2 at a time interval of 0.47 ps(experiment);  (b): Fixed Pump1 and variable Pump2 
at a time interval of 0.5 ps(simulation);  (c): Fixed Pump1 and variable Pump2  at a time interval 

of 0.97 ps(experiment);  (d): Fixed Pump1 and variable Pump2 at a time interval of  1ps 
(simulation) 

 
Fig. 2. Dual-pump induced demagnetization with a total pump intensity of 5.35/5.3 J/m2   (a): 

Demagnetization induced by dual-pump (4.33+1.02 J/m2 ) and (3.31+2.04 J/m2)  at a time 
interval of 0.47 ps (experiment);  (b): Demagnetization induced by dual-pump (4.3+1 J/m2) and 
(3.3+2 J/m2)  at a time interval of 0.5 ps (simulation);  (c): Demagnetization induced by dual-
pump (4.33+1.02 J/m2 ) and (3.31+2.04 J/m2)   at a time interval of 0.97 ps (experiment);  (d): 

Demagnetization induced by dual-pump (4.3+1 J/m2) and (3.3+2 J/m2)  at a time interval of 1 ps 
(simulation) 



 

 
Fig. 3. Dual-pump induced demagnetization with different time intervals    (a): Demagnetization 
induced by dual-pumping system (3.31+1.02 J/m2)(experiment);  (b): Demagnetization induced 

by dual-pumping system (3.3+1 J/m2)(simulation);  (c): Demagnetization induced by dual-
pumping system (3.31+1.53 J/m2) (experiment);  (d): Demagnetization induced by dual-pumping 

system (3.3+1.5 J/m2)(simulation) 
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Spintronics is a recently emerged research field in both fundamental science and 
technology, a successful development which promises a breakthrough in energy 
efficient information processing. The ever increasing demand for faster infor-
mation processing raises a fundamental question about the feasibility to realize the 
concepts of spintronics at THz frequencies. To answer this question we investigate 
THz response of magnetoresistive materials using time-resolved pump-probe 
technique [1], THz absorption and THz emission spectroscopies [2]. 

The studied sample consisted of a metal-insulator multilayer of [Co80Fe20 (1.8 
nm) / Al2O3 (3 nm)]x10 prepared by ion beam sputtering on glass substrate. The 
corresponding magnetic and electrical properties were reported previously [3]. 

We first measured the THz transmission through the CoFe/Al2O3 multilayer as 
a function of temperature (T) and found a similar dependence with that of the elec-
trical resistance [R; Fig. 1(a)]. This behavior clearly demonstrates that a correla-
tion between the two exists, which should enable the ultrafast probing of the 
magnetoresistance with the help of THz spectroscopy. 
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Fig. 1. (a) THz transmission and resistance as a function of the temperature. The black dots rep-
resent the THz transmission and the red line the resistance behavior for the same sample as re-
ported elsewhere [3]. (b) Comparison between the photo-induced near-infrared reflectivity and 

the THz transmission. 

 
To obtain more information on electronic transitions and thus the conductivity 

of the sample, we performed optical pump - THz probe measurements. The result-
ing data reveals a step like behavior of the transmission with three different re-
gimes: an initial sharp increase, followed by two relaxation processes with differ-
ent time scales until a new equilibrium is reached [Fig. 1(b)]. The steep increase 
(~500 fs) is caused by the incident optical pump that generates electronic transi-
tions that change the samples resistance and therefore the THz transmission. This 
is followed by a fast decay with a time scale of ~0.8 ps which is the characteristic 
time of electron-phonon relaxation. After a few ps the dynamics is determined by 
a slow thermal relaxation (~140 ps). The change in THz transmission is related 
with a change in the resistivity, which will affect the materials reflectivity over a 
broad spectral range. Using a near-infrared pump-probe setup we measured the ul-
trafast variation of the reflectivity at optical frequencies. Figure 1(b) shows the 
comparison between the THz transmission and the optical reflectivity measure-
ments. The reflectivity measured with the pump-probe setup has a similar behav-
ior but a shorter time scale which can be explained by some dispersion in the 
ZnTe crystal used for the THz detection. 

It is also shown that an ultrafast laser excitation leads to a THz emission from 
the samples such that the polarization of the THz wave is defined by the magneti-
zation of the sample before the excitation. The phenomenon is explained in terms 
of magnetic dipole emission of THz due to ultrafast demagnetization of the mag-
netic material leading to an emission proportional to the second derivative of the 
magnetization [4]: 

  1 

Both the angular and magnetic dependence were consistent with this explana-
tion. Moreover, the magnetization dynamics induced by the pump was also stud-



ied by all optical spectroscopy, thus measuring the optically induced demagnetiza-
tion. To further verify the validity of Eq. (1) we calculated the second derivative 
of the demagnetization curve and compared it with the THz emitted from the sam-
ple in the same conditions (Fig. 2). Qualitatively similar behaviors are observed. 
Nevertheless, the values of the frequencies obtained using the two approaches are 
different [as in Fig. 1(b)]. Again this is ascribed to dispersion occurring in the THz 
detector, broadening the detected signal. Also, Eq. (1) is just an approximation it-
self assuming the emitter to be a point dipole. 

 
Fig. 2. Comparison between the THz emission and the second derivative of the demagnetization. 

This thorough study of the THz transmission and emission in CoFe/Al2O3 al-
lowed us to verify that the THz transmission has the same temperature dependence 
as the resistance, opening the possibility of achieving spintronic devices in the 
THz spectral range. Moreover, the effect of a femtosecond laser excitation on the 
THz transmission, and thus the electrical resistivity, was studied. The dependence 
of the THz emission on the applied magnetic field, in conjugation with the all op-
tical pump probe measurements, enabled a deeper comprehension of the magnetic 
origin of the THz emission in ferromagnetic materials. 
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Abstract   Magnetoelastic interactions in a thin layer of magnetostrictive material 
Terfenol-D are investigated theoretically. The phenomenon of ultrafast 
magnetoacoustic switching by a single picosecond strain pulse is predicted.  

Introduction 

The knowledge of the fundamental speed limits of information transfer and 
recording is crucial for the development of new ultrafast data recording 
technologies. So far the ultrafast magnetization switching has been demonstrated 
by applying pulses of magnetic field and spin-polarized current, and, in the most 
spectacular way, by single circularly polarized femtosecond laser pulses [1]. 
Trying to take advantage of the recently reported generation of giant ultrashort 
acoustic pulses in metal-ferromagnet structures [2-4] here we present a new 
concept for the nonthermal magneto-acoustic switching in Terfenol-D [5].  

Magnetoelastic interactions 

This rear-earth-based compound is well suited for magnetoacoustic investigations 
due to the large value of magnetoelastic (magnetostrictive) coupling [6].  The real-
istic design of a hybrid multilayer structure for magnetoacoustics is presented in 
Fig.1a.  An optoacoustic cobalt transducer is excited through the dielectric sub-
strate by a femtosecond laser pulse and generates a giant ultrashort acoustic pulse, 
which is injected in a thin (110) layer of Terfenol-D after propagation through 
gold. If the Terfenol-D film is sufficiently thin and is covered by an acoustically 
matched dielectric layer, the action of the acoustic pulse can be adequately de-
scribed by applying an ultrafast but spatially homogeneous time-dependent strain.  
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     The dynamics of magnetization induced by an ultrashort acoustic strain pulse 
η(t) are governed by the Landau-Lifshitz-Gilbert (LLG) equation  

            )],([ effHMM
sM
L

effHMLdt
Md                        1 

which describes the damped precession of the magnetization vector around the ef-

fective time-dependent magnetic field  
Md

tdF
teffH

))((
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)( . The phenomeno-

logical expression for the free energy density zFdFMELFkFF  in 

Terfenol-D [5] is dominated by the competition of the magnetocrystalline anisot-
ropy  

  )222(2)222222(1 zyxKzyzxyxKkF                      2 

and the magnetoelastic energy density      
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The minima of free energy define four metastable in-plane magnetization direc-
tions 1,2,3 and 4 (see Fig. 1a). The explicit dependence of the magnetoelastic term 
on the components ij  of the strain tensor and the directional cosines i  of the 

magnetization ),,( zyxsMM  vector suggests that the application of a time-

dependent strain η(t) will modify the total free energy density, F=F(η(t)), and in-
duce magnetization precession. Whereas for arbitrary acoustic pulses only numer-
ical solutions of Eq. (1) can be obtained, an ultrashort acoustic pulse with a dura-
tion precac T significantly shorter than the precession period precT  25 ps 

results in the deflection of the magnetization vector out of the sample plane by an 
angle  

 dtt
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which is proportional to the acoustic pulse area dtt)(  [4]. 

Magnetization switching 

Numerical simulations show that sufficiently strong acoustic pulses can switch the 
magnetization vector back and forth between two different metastable states 1 and 
2 (Fig. 1b). The magnetoacoustic switching diagram in Fig. 1c shows that depend-
ing on the acoustic pulse duration τac and amplitude ηac, switching is possible be-
tween all four metastable magnetization directions. Whereas at short pulse dura-
tions below 10 ps the switching strain is inversely proportional to pulse duration, 
for longer pulses it saturates and reaches the value of 0.3%. Therefore, according 
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to our simulations, the conditions for ultrafast magnetoacoustic switching in 
Terfenol-D are experimentally accessible. 
 

 
Fig. 1. (a) Design of a multilayer structure for the acoustic magnetization switching. An opto-

acoustic cobalt transducer is excited by an ultrashort optical pulse and generates a giant acoustic 
pulse with 1% amplitude and 4 ps duration (see Ref. [3] for details). An acoustic pulse propa-

gates through the gold buffer layer and interacts with magnetization in Terfenol-D. (b) The mag-
netization vector in a thin (110) Terfenol-D film possesses four metastable in-plane magnetiza-

tion directions: 1,2,3 and 4. An ultrashort tensile strain pulse with an amplitude of 0.9% and 3 ps 
duration deflects the magnetization vector out of the sample plane, resulting in its precession and 
decay into another minimum (magnetization switching between energy minima 1 and 2 occurs). 
(c) Depending on the duration and amplitude of rectangular acoustic pulses, the magnetization 

can be switched between its all four metastable states. The initial magnetization state is 2. 
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Abstract   The goal of this work is to define conditions for the most efficient ul-
trafast optical control of magnetism. Results show that tuning the composition of 
the GdFeCo alloys towards the magnetization compensation point as well as re-
ducing the sizes of structures allowing one to reduce the energy of the laser pulse 
required for ultrafast demagnetization or magnetization reversal. 

Introduction 

The possibility to manipulate magnetic order with the help of a femtosecond laser 
pulse has been a subject of intense discussions in modern magnetism since the 
seminal observation of subpicosecond laser-induced demagnetization [1]. Ten 
years later it was also demonstrated that if a rare earth (RE)–transition metal (TM) 
ferrimagnet having antiferromagnetically coupled nonequivalent RE and TM 
magnetic sublattices, is brought into a transient state with no net magnetization on 
a subpicosecond time scale, the subsequent relaxation from this state leads to a de-
terministic reversal of the initial net magnetization of the medium [2,3]. Here we 
report about our studies aimed to improve the efficiency of the ultrafast laser-
induced demagnetization and magnetization reversal. In particular, we show that 
varying the ratio between Gd and FeCo in the alloy or the sizes of structures fabri-
cated from GdFeCo thin films we can reduce the energy of the femtosecond laser 
pulse required for the complete ultrafast demagnetization or magnetization rever-
sal.   
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Results 

For our experiments, we chose continuous films of four different compositions of 
GdxFe100−x−yCoy (x=18, 22, 24, and 30 %). With the help of these samples, it is 
possible to create three important cases at a given temperature of the sample (see 
Fig. 1a): 1) the magnetization of Gd is smaller than that of Fe i.e., MGd < MFe, 2)  
the magnetizations are approximately equal i.e., MGd  MFe, and 3) the magneti-
zation of Gd is larger than that of Fe i.e., MGd > MFe. For the experiments we 
used a time-resolved stroboscopic magneto-optical pump-probe setup. We investi-
gated the degree of ultrafast demagnetization as a function of sample temperature, 
laser pump fluence, and concentration of Gd [4]. The degree of demagnetization 
as a function of laser pulse fluence shows a similar trend in all studied samples. 
However, results clearly show that the degree of the ultrafast laser-induced de-
magnetization strongly depends on Gd-concentration and, in particular, on the rel-
ative temperature of the ferrimagnet compared to its magnetization compensation 
point (TM-T). The findings reveal that the ratio between the magnetizations of the 
Gd and Fe sub-lattices plays a crucial role in the process of the laser-induced de-
magnetization.  

 
 

Fig. 1. a) Illustration of the three different cases ( MFe>MGd, MFe~MGd, and MFe<MGd) real-
ized in four different compositions of GdFeCo (18%, 22%, 24% , and 30% of Gd) at room tem-

perature, b) shows the electric field profiles for the different structure sizess. The brighter the 
central spot, the higher the intensity of the radiation is. It is noted that when the structure size is 

below 1 x 1 μm2, the intensity reaches it maximum. 

 
We also studied ultrafast optical control of magnetism in structures fabricated 
from continuous films of Gd26Fe64.5Co9.5 alloy. For this, we employed a magneti-



zation sensitive microscopy technique [4]. We studied ultrafast demagnetization in 
structure of various sizes ranging from 15 x 15 μm2 to 1 x 1 μm2 [5]. We find that 
smaller structures require a lower energy density to undergo light-induced ultrafast 
demagnetization and magnetization reversal. In order to understand this, we im-
plemented Finite Difference Time Domain (FDTD) simulations. From the FDTD 
simulations we can explain this reduction in terms of an enhanced light absorption 
by interference of the incident and reemitted light-waves. Figure 1b shows the 
profile of the electric field density in all the structures. The brighter the area, the 
more it absorbs. Taking the line profiles of the absorbed electric field intensity 
through the center of the structures, we calculated the absorbed energy. The com-
parison of the calculations with and without interference effects clearly shows that 
the smaller structures require up to 40% less energy in order to achieve the full 
demagnetization.  

In conclusion, our experiments clearly show that the ultrafast laser-induced 
demagnetization and all-optical magnetization reversal are the most effective and 
require less energy per laser pulse when the sample temperature is in the vicinity 
of its magnetization compensation temperature and the size of the structures are 
less than 1 x 1 μm2. 
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Abstract   We demonstrate that the electrical resistance of metallic magnetic mi-
crostructures can be controlled by optically inducing magnetic domains. These 
domains are patterned with femtosecond laser pulses, in a completely reversible 
manner. In the case of adjacent parallel stripes, it is shown that the change of the 
electrical resistance has a linear dependence with the number of domain walls sep-
arating the stripes. 

Introduction    

In spintronics, the control and transport of spins is a major challenge to improve 
the speed and density of recording. Regarding the transport properties of spins, an 
important aspect is the control of the magnetization of layers or of domains. For 
example, the use of electric currents has proven an efficient way to control domain 
walls in magnetic wires [1, 2]. Alternatively, in Spin-photonics one can think of 
using laser beams to manipulate the magnetization of micro and nanostructures. 
The purpose of this article is to show that the electrical resistance of metallic mag-
netic microstructures can be controlled by optically writing patterns consisting of 
adjacent magnetic domains. These induced domains can be erased and rewritten at 
will. The corresponding resistivity change is related to the spin scattering within 
the domain walls. 

Results and discussion 

We use a time-resolved magneto-optical confocal microscope with femtosecond 
laser pulses to write and read the magnetic domains [3]. First, the writing se-
quence is done by locally switching the magnetization, a process which is known 
to occur via an initial ultrafast thermal change of the spins [4]. The written pattern 
is then read using a Magneto Optical Pump-Probe Imaging (MOPPI) technique. 
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The sample is a 15 nm thick CoPt multilayer wire with lateral dimensions of 
l=10 μm and length L= 40 μm. The resistance measurement is done using the four 
points method, with gold electrodes realized by photolithography. Various pat-
terns can be written with a typical size determined by the focus of the pump beam 
(600 nm diffraction limited).  

 

 
Fig. 1. Magnetic domains optically written on a CoPt multilayer wire. (a) single transverse stripe 

(b) four adjacent stripes. 

Figure 1a) shows a typical stripe with a width of 1.5 m, written transversally to 
the magnetic wire. Depending on the desired transport properties of the device, 
several such adjacent stripes can be written as shown in figure 1b) (4 stripes). 

The resistance of the wire without stripes, measured for a current applied along 
the wire, is 104 Ω. As displayed in figure 2, the change of the electric resistance 

R varies linearly as a function of the number of written magnetic domains. R 
does not depend on the period of the stripes. Our interpretation of this resistance 
change is the mechanism of spin scattering within the domain walls. It can be de-
scribed by a diffusive spin model, taking into account the size of the domain walls 
(here optically induced). 
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Fig. 2. Resistance change as a function of the number of stripes in a 10μm X 15nm X 40μm 
CoPt wire. The resistance of the wire without stripes is 104Ω. The dashed line is a linear fit. 

In conclusion, it is shown that magneto-optics can be used for manipulating the 
transport properties of magnetic nanostructures. Our approach presents several ad-
vantages. The domains are erasable and can be reproduced in a controlled manner, 
in contrast with magnetic structures having natural stripes which are generally dif-
ficult to manipulate with an external control. Such optical devices are elementary 
bricks for more elaborated Spin-photonic circuits. 
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Abstract   We have studied the response of the exchange split valence bands of 
ferromagnetic gadolinium tofemtosecond laser excitation. We observe a drop of 
the exchange splitting with a time constant of 0.9 ps but different response times 
of minority and majority spin bands. Furthermore, even above the Curie tempera-
ture there is a finite exchange splitting, which also decreases with laser excitation. 

Introduction 

It is well established that optical excitation of thin ferromagnetic films leads to 
demagnetization within a few hundred femtoseconds [1] and even ultrafast optical 
magnetic switching of ferrimagnets has been demonstrated [2]. However, it re-
mains controversial which microscopic processes are fast enough to provoke 
femtomagnetism: direct interaction with the laser field [3], scattering among elec-
trons [4], phonons [5], and magnons [6], and/or spin-transport [7].To establish mi-
croscopic models it is necessary to unravel the transient electronic structure [8] 
and clarify on which timescale the exchange splitting Eex and spin polarization 
collapses.  

To approach these problems we perform time- and angle-resolved photoemis-
sion (TR-ARPES). We use laser-driven high-order harmonic generation as an ex-
treme ultraviolet tight source [9]. A Ti:Sapphire CPA laser systemdelivers1.5mJ, 
40 fs IR pulses at 10 kHz repetition rate, which are focused into a gas cell contain-
ing argon at 100 mbar. Individual harmonics are selected by a toroidal grating 
monochromator (TGM) with a single grating. The time resolution  ~  / cNis pri-
marily determined by the transmitted bandwidth (N is the number of illuminated 
lines). While the temporal spread is nearly independent of the TGM slit-size, the 
latter allows tuning of the energy resolution E. For 10 m slits we obtain 100 
fs, E 150 meV, and 2 · 104 photons/pulse at h  = 35.6 eV. 
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Gadolinium valence-band dynamics and exchange splitting 

We have studied ultrafast demagnetization of the local-moment ferromagnet gado-
linium [10], prepared as epitaxial film of 10 nm thickness on a W(110) substrate. 
Photoelectrons are detected after a hemispherical energy analyzer. Tuning the 
TGM to 35.6 eV allows us to map the valence bands of Gd at the -point of the 
4thBrillouin zone. Binding energy and exchange splitting of the 2-like bands 
are shown in Fig.1a. The initial binding energies of 1.39 and 2.25 eV are in 
agreement with synchrotron measurements conducted at a comparable sample 
temperature of 100 K [11]. Upon laser excitation (h  = 1.6eV, s-pol., 300 fs, 
fluence1.2 mJ/cm2) the exchange splitting of the valence bands drops with a time 
constant of 0.9 ±0.1 ps. This value coincides with the values observed in MOKE 
[12] and XMCD[13] measurements. The latter experiment probes the 4f spin sub-
system but was conducted at higher pump fluences (3-5 mJ/cm2).  Comparing ul-
trafast de- and thermal re-magnetization [10] we conclude that Eex maps the true 
magnetization.  From Fig. 1a it is evident that the minority valence band reacts 
immediately after laser excitation while the response of its majority counterpart is 
delayed and is only half as fast. Delay zero was independently determined from 
the first occurrence of pump-induced hot electrons above the Fermi level EF. We 
attribute the instantaneous response of the minority spin band to superdiffusive 
spin transport [7]. Photoemission probes the first few surface layers and is thus 
very sensitive to spin currents into the bulk. The delayed response of the majority 
band can be explained by electron-phonon scattering which increases with increas-
ing lattice temperature [5]. Our data suggest that both spin transport and electron-
phonon scattering contribute to ultrafast demagnetization. In addition, the molecu-
lar field acting on the spins may delay the response of the majority spin band [14].  

It has been a long standing question whether the exchange splitting vanishes at 
the Curie temperature TC = 293 K [15]. For the Gd surface state scanning tunnel- 
 

  
Fig. 1. a) Temporal evolution of the Gd minority and majority spin bands and exchange splitting 
upon optical excitation. b) Decrease of the valence band’s  full width at half maximum at 320 K. 



Ing spectroscopy revealed a sizeable exchange splitting at TC [16]. However, pho-
toemission measurements of the bulk valence bands remain ambiguous since the 
minority and majority spin bands coalesce into a single peak due to thermal 
broadening [11,15]. In Fig. 1b we show the linewidth of this peak as a function of 
pump-probe delay at 320 K. Upon laser excitation we observe a small but signifi-
cant decrease of the linewidth, which can only be explained by a further reduction 
of Eex. Above TCthere exists in fact a finite exchange splitting, which implies lo-
cal magnetic order. 
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Abstract  Multiphoton photoemission (MPP) from metal surfaces with energy, 
momentum, time, and resolution enables probing the electronic structure, optical 
response, and electron dynamics at metal surfaces. We discuss recent progress in 
understanding of the MPP excitation process for Ag(111) and Cu(111) surfaces 
using tunable femtosecond laser excitation and photoelectron E(k) imaging. 

Introduction 

Interferometric time-resolved two-photon photoemission (ITR-2PP) has proven 
capable of measuring quasiparticle correlations in noble metals.1 For instance, the 
dephasing of Shockley surface state and top of the d-band holes in copper has 
been studied in a nonresonant 2PP process with 3.1 eV, 10 fs excitation.2,3 Model-
ing of the coherent 2PP process by optical Bloch equations proved inadequate to 
reproduce experimental data, suggesting that the coherent polarization dynamics 
in a metal are more complex than could be reproduced by a simple excitation 
scheme treating the optically coupled levels at the momentum of observation. We 
reexamine MPP processes from Shockley surface (SS) states of Ag(111) and 
Cu(111) surfaces with a broadly tunable <15 fsexcitation NOPA source for vari-
ous resonance conditions using 3D (energy, momentum, and time resolved) MPP. 

Results and Discussion 

Three and four photon photoemission processes are excited with a 1-2 MHz repe-
tition rate fiber-pumped NOPA system (Clark MXR). Photoemitted electrons are 
detected with an energy and momentum imaging photoelectron spectrometer 
(SPECS). The degenerate interferometric pump-probe measurements are taken by 
splitting the excitation pulses into two replicas in a Mach-Zehnder interferometer; 
acquiring photoelectron images in ~100 as delay intervals obtains movies of the 
coherent polarization dynamics excited in the single crystal metal samples. 
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Figure 1 shows the MPP spectra of Ag(111) surface excited with and 1.81 and 
2.20 photon excitation showing dispersive bands due to the initial SS and interme-
diate image potential (IP) states at -0.063 and 3.79 eV relative to the Fermi level 
(EF). The range of SS is limited to |k|||=0.07 Å-1by its intersection with EF. The 
band dispersions are consistent with the known band structure of Ag(111). Tuning 
the laser into two-photon resonance between the SS and IP state causes dramatic 
changes in the MPP spectra, which can be interpreted through strong surface elec-
tron-hole correlation. 3D photoelectron measurements show evidence for this cor-
relation in the time domain. In short, the MPP process is found to be driven by the 
local field of the correlated state. 

 

 
Fig. 1.E(k) images of MPP from Ag(111) surface excited with 1.81 and 2.20 eV light. 

Similar experiments have suggested that the intermediate “virtual” state in 
nonresonant 2PP from SS of Cu(111) surface has a finite “lifetime”, which is in-
consistent with its detuning from real states.2 Measurements over a broad excita-
tion photon energy range suggest that the apparent slow dephasing of the linear 
polarization is associated with the coherent polarization induced in the sample at 
E(k) regions that are distant from that of the observation. Apparently, the coherent 
polarization dynamics detected at the SS feature reflect the optical response of 
bulk Cu, and coupling between the surface and bulk polarizations. 

The detailed 3D measurements on Ag and Cu provide unprecedented view into 
optically induced correlation in noble metals, which is hidden in the linear optical 
response. The lessons learned from noble metals are applicable to more compli-
cated materials where novel properties emerge from quasiparticle correlations. 
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Abstract   We report a time-resolved study of precessional timescale 
nanomagnetic logic dynamics.  We find both the desired cascade-like signal 
transmission behavior as well as various logical defects.  For cascade-like behav-
ior, we observe an average settling time of ~100 picoseconds per nanomagnet. 

Introduction 

Nanomagnetic Logic is a post-CMOS logic device technology based on stray 
field-coupled single-domain ferromagnetic islands[1] with a promising path to-
wards ultra-low power operation[2]. One critical aspect of the operation is the reset 
and clocking of the magnetic logic elements in the computation path.  Much of the 
past work on nanomagnetic logic used external magnetic fields to perform this re-
set operation.  There have been some experiments that used integrated clock lines 
for this purpose[3], though the dynamics were not studied and the speed of opera-
tion was slow (~usec time scale).  In practical applications, the reset operation 
should be fast (sub-nsec).  For the same reason, the circuit dynamics should also 
be fast.  We report the first time-resolved study of sub-nsec precessional timescale 
nanomagnetic logic dynamics following fast clock pulses. We further suggest an 
exciting possibility for the future that ultrafast (psec timescale) magnetization dy-
namical processes to be discussed in this conference could be applied to dramati-
cally speed up magnetic logic. 

Experimental results 

A fundamental logic structure in nanomagnetic logic is a linear chain.  The stray 
fields of neighboring nanomagnets couple such that the lowest energy state for a 
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chain of magnets with easy axes orthogonal to the chain axis is antiparallel mag-
netization.  Such a chain is therefore a series of logical inverters and can thus be 
used to transmit information.  Logic gates have also been demonstrated[1].  One 
requirement for this process is that it must be causal; a nanomagnet in the chain 
must not flip until information has been transmitted to it through the preceding 
nanomagnets in the chain.  This results in nanomagnets flipping one by one along 
a chain in a cascade-like behavior.  Nanomagnets that have been reset through the 
clock process must remain reset until a neighbor flips.  To implement this experi-
mentally, we used configurational anisotropy to engineer a secondary easy axis or-
thogonal to the primary easy axis[4].  The concave nanomagnets with indentations 
along their short edges as shown in Fig. 1a give rise to this secondary easy axis.  
We fabricated chains of 7 concave nanomagnets each from 10 nm thick evapo-
rated Permalloy.  Each nanomagnet is 150 nm wide and is separated from its 
neighbors by a 30 nm gap. 

This pattern was created by electron beam lithography and liftoff on top of 160 
nm thick rectangular copper lines.  When current passes through these clock lines, 
they produce magnetic fields along the direction of the secondary easy axes to re-
set the chains.  We perform a pump-probe x-ray magnetic circular dichroism ex-
periment using the electron yield technique at the PEEM-3 beamline at the Ad-
vanced Light Source at Lawrence Berkeley National Lab by passing current pulses 
synchronized to the x-ray pulses through these clock lines as the pump.  Fig. 1b 
shows an image intensity spectrum that qualitatively represents the pulse shape.  A 
pulse width of roughly 2 ns, a trailing edge transition time of roughly 500 ps, and 
an overshoot are all readily apparent.  We calculate the peak near field produced 
to be 135 mT based on the measured voltage and resistance of the clock lines. 

We capture magnetic contrast images by averaging exposure at a particular 
time delay between pump and probe with both left-circular and right-circular x-ray 
polarizations.  Images taken with the two polarizations are then divided to produce 
an intensity contrast that shows black and white for opposite magnetizations.  Fig. 
2 shows a time series captured in this manner for a chain of nanomagnets 410 nm 
in length.  We first verify that our clock pulses are successfully resetting the 
nanomagnets by observing in the +1.0 ns image that they all appear gray and have 
no net magnetization along the horizontal axis.  We then examine the series of im-
ages given by times +2.0, +2.2, and +2.4 ns.  The nanomagnet in the middle of the 
chain first flips to black.  After 200 ps, the two following nanomagnets flip to 
white and black respectively.  After another 200 ps, the final nanomagnet has 
flipped to white.  This is cascade-like behavior though it did not occur throughout 
the chain.  This series allows us to estimate that in cascade-like behavior, each 
nanomagnet takes approximately 100 ps to flip. 

Fig. 2 also shows two defects: a cluster of two neighboring black nanomagnets 
at the beginning of the chain, and the nanomagnet that flipped black at +2.0 ns 
without the influence of either neighbor.  We attribute defects to lithographic 
roughness as well high temperature effects arising from poor thermal transfer in 
vacuum.  Further optimization to reduce defects is planned for future work. 
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Abstract   We observe an enhanced spin-polarization and a reduction of surface 
sensitivity due to intermediate unoccupied electronic states in spin-resolved two-
photon photoemission (2PPE) from ferromagnetic cobalt films. We discriminate 
2PPE signals coming from initial and intermediate electronic states. This allows us 
to determine the influence of unoccupied quantum-well states in the two-photon 
transitions.   

Introduction 

Spin-polarized photoemission is a widely applicable method to analyze the elec-
tronic structure of materials with spin resolution. This method has evolved into a 
powerful technique especially in combination with femtosecond lasers, allowing 
the manipulation of spin-polarized excited electrons at surfaces and interfaces us-
ing multi-photon optical transitions in nonlinear photoemission.  

Spin-dependent two-photon photoemission via quantum-well 
states 

Because of the relatively abundant possibilities for non-linear photoexcitation 
pathways between the continua of electronic bands, it is challenging to discrimi-
nate spin-polarized electrons optically injected into specific bulk electronic states. 
Suitable conditions for the study of selective optical transitions via bulk-derived 
electronic states can be offered by ultrathin films. Within a few atomic layers, the 
electronic states confined within the interior of the film form discrete quantum-
well (QW) states, providing an opportunity to study bulk-derived unoccupied 
states by 2PPE.   
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Fig. 1. Left: Schematic 1PPE and 2PPE excitation pathways in the fcc Co band structure relevant 
for 6ML Co films grown on Cu(001). Right: depth-resolved spectral density of the quantum-well 

states compared to the minority surface-resonance on Co(001) (from [2]). 

In our specific case, we observe an increased spin polarization in 2PPE via inter-
mediate quantum-well states in Co/Cu(001) films [1]. We observe 2PPE spin po-
larizations near 40% compared to about 20% in one-photon photoemission (1PPE) 
[2]. This effect  is attributed to the spin, energy, and momentum selection in the 
two-photon transitions and leads to the preferred excitation of majority quantum 
well states (see Fig.1, left). For these states, we observed magnetic dichroism due 
to spin-orbit coupling [1] and we obtain significant lifetime effects in time-
resolved measurements. Our results also show that the selection of specific spin-
dependent excitation pathways in nonlinear photoemission can change the sensi-
tivity to the spatial distribution of the states involved (see Fig.1, right). In our case, 
we go from more surface-specific excitations in 1PPE toward bulk-derived transi-
tions in 2PPE, which is important for mapping bulk unoccupied states using angle-
resolved nonlinear photoemission.  
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Abstract   Experiments probing ultrafast demagnetization dynamics in the pres-
ence of a nanometer sized magnetic domain structure provide evidence that angu-
lar momentum transport by the excited spin polarized electrons may play an im-
portant role in those systems. These results are discussed also in regard of more 
refined follow-up X-ray based experiments.  

Introduction 

Since the discovery of the ultrafast demagnetization phenomenon by E. 
Beaurepaire and his colleagues in 1996 [1], the field of femtomagnetism has de-
veloped to an active research area. Initial experiments relied mostly on all-optical 
pump-probe techniques, which raised concerns about optical artifacts affecting the 
measurement, a subject which was controversially discussed, see for example Ref. 
[2] and references therein. Since X-ray based techniques can overcome these limi-
tations, the advent of sources providing femtosecond short X-ray pulses was wait-
ed for by the interested community. Indeed, first experiments realized at the 
BESSY femtoslicing source by C. Stamm and colleagues [3] fulfilled these expec-
tations and yielded novel insight on details of the underlying mechanism.  

In addition to giving access to the entire electronic structure of the valence 
band, X-ray techniques offer additional key advantages. First of all, this is their 
shorter wavelength, which matches naturally the nanometer length scales expected 
to be of relevance in ultrafast magnetization dynamics. Furthermore, X-ray tech-
niques provide via the accessible core electron absorption resonances element sen-
sitivity and a wide variety of magnetic dichroism effects that can, for example, be 
exploited in scattering experiments as contrast mechanism. This allows individual 
probing of components of complex, heterogeneous materials with a combined 
femtosecond temporal and nanometer spatial resolution. 
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Results and Discussion 

In two recent experiments we employed resonant magnetic small angle X-ray scat-
tering at femtosecond pulsed XUV sources to probe ultrafast magnetization dy-
namics in the presence of nanometer sized magnetic domains. Magnetic multilayer 
films with an out-of-plane magnetic anisotropy were used as samples, which can 
be prepared to exhibit a magnetic domain structure of randomly oriented or linear-
ly aligned worm domains. In both experiments scattering contrast was obtained by 
tuning of the photon energy to match the magnetically dichroic Co M2,3 absorption 
edges. 

The first experiment [4] was realized at the higher harmonic generation (HHG) 
source of the Laboratoire d’Optique Appliquée (Palaiseau, France), which is driv-
en by a 1 kHz Ti:sapphire laser system providing 800 nm pulses of 35 fs duration 
and 20 mJ pulse energy. Since the duration of the harmonics is short in compari-
son to the pulse length of the driving IR laser, and since pump and probe pulse 
originate from the same laser (jitter-free), an excellent overall time resolution can 
be obtained in such experiments. This has allowed us to reveal in Co/Pd multilayer 
and alloy films a demagnetization dynamic which is about a factor of 2 faster than 
what has been observed before on saturated, single domain films of similar or oth-
er Co containing materials. In addition, we find that the time constant describing 
the initial demagnetization dynamics does not depend on the intensity of the pump 
pulse [4]. 

Both these observations can be understood by postulating the presence of a sig-
nificant angular momentum transfer by superdiffusion of hot spin polarized elec-
trons as recently proposed by Battiato and coworkers [5]. The presence of the na-
nometer sized magnetic domain structure offers an additional channel for angular 
momentum transfer between neighboring magnetic domains exhibiting anti-
parallel spin polarization. Furthermore, we note that the velocity of the excited 
electrons does uniquely depend on the energy of the pump photons, but not on the 
intensity of the pump pulse. It is thus understandable that the time constant of the 
initial demagnetization dynamics is not influenced by the pump intensity. 

The idea of a significant direct angular momentum transfer by the excited va-
lence band electrons is further supported by our second experiment [6], which has 
been realized at the XUV Free Electron Laser FLASH (Hamburg, Germany). The 
high peak brilliance of these sources enables single x-ray pulse based snapshot 
characterization of the transient state following an ultrafast excitation. We have 
exploited this to probe the demagnetization dynamics stimulated by very intense 
pump pulses leading to a nearly complete quenching of the magnetization. Under 
these conditions, we have observed a modification in the magnetic small angle 
scattering pattern, which can be interpreted as the signature of a spin accumulation 
in the domain wall region, thus broadening the magnetization profile between 
neighboring domains [6]. 



We note that both these experiments provide only indirect evidence for the 
relative importance of angular momentum transport to the overall demagnetization 
process. More refined X-ray based techniques, on the other hand, allow further 
scrutinizing the proposed model and some of these approaches, as well as prelimi-
nary results, will be discussed. 
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Abstract   Time resolved Photoemission Electron Microscopy (PEEM) using a 
stroboscopic pump probe mode in combination with X-ray magnetic circular 
dichroism (XMCD) has proven to be a versatile tool to access the magnetization 
dynamics in microstructures and thin films. Here, PEEM studies of the dynamics 
of Co/SmFeO3 and of GdFeCo will be presented. 

Introduction 

Ultrafast control of the magnetization of thin films using femtosecond laser pulses 
has attracted remarkable interest in the last fifteen years. Beginning with the report 
of an unexpected ultrafast demagnetization in a nickel thin film in 1996 [1], the 
research on ultrafast magnetization dynamics quickly developed. While the proper 
microscopic description of ultrafast demagnetization is still intensely debated, 
novel laser-induced magnetic phenomena have been discovered during these years 
in a large variety of materials ranging from ferromagnets (FMs) to 
antiferromagnets (AFMs) and from metals to insulators [2]. Using synchrotron-
based X-ray techniques, the different elements composing a heterostructure can be 
selectively investigated due to the element specificity and sensitivity to different 
magnetic order, e.g. ferromagnetic and antiferromagnetic, provided by widely tun-
able polarized X-rays and allowing investigations in a wide range of materials and 
experimental conditions. Here we present the application of Photoemission Elec-
tron Microscopy (PEEM) for the study of laser-induced magnetization dynamics.  

At the Surface/Interface: Microscopy (SIM) beamline of the Swiss Light 
Source (SLS) at the Paul Scherrer Institut (PSI) a femtosecond (fs) laser is used as 
the pump-pulse (Femtosource Scientific XL 500, 500 nJ per pulse, 50 fs 
pulsewidth, 800 nm wavelength, 5.2 MHz repetition rate) [3]. Here, the laser is 
used to directly excite the measured sample area, in contrary to other setups where 
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it is used to close a circuit by a photodiode to create for example a magnetic field 
pulse or a current pulse. The technique and its potential will be presented by two 
examples. The first one is about fast heating through a spin reorientation phase 
transition and the second about the investigation of all-optical switching.Dynamics 
of laser-induced spin reorientation in Co/SmFeO3 heterostructure 

Dynamics of laser-induced spin reorientation in Co/SmFeO3 
heterostructure 

Ultrafast control of a ferromagnet (FM) via exchange coupling with an 
antiferromagnet (AFM) is demonstrated in a Co/SmFeO3 heterostructure [4]. Em-
ploying time-resolved photoemission electron microscopy combined with x-ray 
magnetic circular dichroism, a sub-100-ps change of the Co spins orientation by 
up to 10º driven by the ultrafast heating of the SmFeO3 orthoferrite substrate 
through its spin reorientation phase transition is revealed. Numerical modeling of 
the ultrafast-laser-induced heat profile in the heterostructure, and the subsequent 
coupled spins dynamics and equilibration of the spin systems suggest that the lo-
calized laser-induced spin reorientation is hindered compared with the static case. 
Moreover, numerical simulations show that a relatively small Co/SmFeO3 ex-
change interaction could be sufficient to induce a complete and fast spin reorienta-
tion transition (SRT). 

 
Fig. 1. a) sketch of the sample heterostructure. b) Time dependence of the XMCD signal after 

heating with a 50fs laser pulse. Black squares are the measurements and red circles simulations 
which give an upper limit of the time needed of the orientation change, which is given by the 

time resolution of the experiment. 



All-optical magnetization switching in GdFeCo based 
ferrimagnetic alloys 

Recently it was discovered that an ultrafast laser pulse alone, without any magnet-
ic field, is enough to deterministically reverse the magnetization: the magnetiza-
tion reversal in a GdFeCo ferrimagnet can be triggered solely by a single, linearly 
polarized laser pulse [5, 6]. Here, we investigate the influence of the magnetiza-
tion compensation point on the all-optical magnetization switching in GdFeCo 
samples. Switching is possible below and above the magnetization compensation 
temperature TM but in its immediate vicinity.  
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Abstract   We measure the magnetization curves as a function of time delay in 
FeRh thin films. Due to a first order magnetic phase transition, an anhysteretic 
curve is measured giving access to the magnetic susceptibility on a sub-
nanosecond timescale. 

Introduction 

FeRh is a metallic compound which undergoes a first order phase transition from 
an Anti-Ferromagnetic Phase (AFP) to a Ferromagnetic Phase (FP) when heated 
above a critical temperature which is usually around 400 °K. The change in mag-
netic order results in a change in the net magnetization of the system from zero up 
to 2.2 Bohr magnetons after increasing the system temperature together with a 
volume expansion of about 1% [1]. This is an uncommon characteristic for a mag-
netic material since usually one observes a decrease of the magnetization upon 
heating. This discloses the possibility to use FeRh to Heat-Assisted Magnetic Re-
cording (HAMR) devices. 

The magnetization dynamics has been investigated using the Magneto Optical 
Kerr Effect (MOKE) in an all-optical pump-probe experimental scheme. An infra-
red (800 nm), ultrafast (200 fs) laser pulse has been used to impulsively heat the 
system above the critical temperature while a second pulse (200 fs 800 nm) has 
been used as probe.  At different time delays we swept the external field H in a 
range of ± 2 kOe and measured the induced Kerr rotation.  The system relaxes 
back to the antiferromagnetic phase in about 3 nanoseconds as can be seen in 
Fig.1. We show how the measured curves are equivalent to the first magnetization 
curve measured statically [2,3]. From these curves we were able to extract the sus-
ceptibility of the system during the ferromagnetic phase expansion on a picose-
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cond time scale Fig.2. This measurement is possible due to the presence of the pe-
culiar phase transition present in the FeRh system.   

 

 
Fig. 1. (a) Kerr rotation measured on a 30 nm thick film of FeRh as a function of time delay. The 
values have been extracted from the magnetization curves for Hext = 2 kOe. (b)-(e) Magnetiza-

tion curves for selected time delays. 
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Fig. 2. The susceptibility and the Kerr rotation at Hext=2 kOe extracted from the magnetization 
curves are plotted as a function of time delay. 
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Abstract   We employ time-resolved X-ray magnetic circular dichroism with fs 
time resolution to investigate the ultrafast, laser-driven dynamics of multi-
sublattice materials, with both ferromagnetic and antiferromagnetic coupling. The-
se measurements provide evidence for a demagnetization time that scales with the 
elemental magnetic moment and varies with the exchange interaction symmetry.    

Introduction 

Controlling magnetic states of matter is crucial for understanding the underlying 
fundamental physical phenomena and for engineering the next-generation magnet-
ic devices combining ultrafast data processing with ultrahigh-density data storage. 
An appealing notion in this context is the employment of femtosecond (fs) laser 
pulses to fully set the orientation and the magnetization magnitude of a spin en-
semble. Achieving this on ultrashort timescales, i.e. comparable to the excitation 
event itself, remains however a challenge mainly due to the lack of understanding 
the dynamical behavior of the elementary building blocks forming such a spin 
ensamble, i.e. the magnetic moments and the exchange interaction.  

Here, we report on the latest developments in our studies on ultrafast magnet-
ism, which reveal highly unexpected and sometime counterintuitive results [1] by 
employing a novel experimental approach combining the fs laser excitation with 
an ultrafast, element-specific X-ray probing of spins. In particular, by investigat-
ing the magnetization dynamics in a variety of ferromagnetic and ferrimagnetic al-
loys, we demonstrate a simple but powerful way of controlling the demagnetiza-
tion/switching dynamics in a large class of magnetic materials.              
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Results 

Most of the ultrafast magnetization studies performed so far were done on 
materials consisting of several non-equivalent magnetic sublattices – see e.g. 
Reference [2] for a review work. This fact has been however largely ignored, 
assuming that the exchange-coupled magnetic sublattices are at any time in 
equilibrium with each other being thus undistinguishble and loosing their magnet-
ization on the very same time-scale. However, recent experiments, using fs X-ray 
Magnetic Circular Dichroism (XMCD), have revealed distinctly different magnet-
ization dynamics of the constituent magnetic moments in a Gd(FeCo) alloy excit-
ed by a femtosecond optical pulse [1]. Moreover, it was subsequently shown that 
this distinct dynamics in combination with the exchange interaction between the 
sublattices, can lead to a deterministic switching of this ferrimagnetic Gd(FeCo) 
by an ultrafast heat pulse alone [3]. These results lead to the intriguing question 
whether such element-specific spin dynamics and heat-induced deterministic 
switching are general phenomena or something strictly related to a narrow class of 
GdFe-like ferrimagnetic materials?  

In the present contribution we address this question by investigating the laser-
driven dynamics of several multi-sublattice magnetic materials, with both ferro-
magnetic (NiFe alloys) and antiferromagnetic (GdFe and DyCo alloys) coupling 
between sublattices, using element-specific, femtosecond time-resolved XMCD. 
These measurements, fully supported by phenomenological modeling and atomis-
tic spin simulations, provide evidence for a demagnetization time that scales with 
the elemental magnetic moment and varies with the sign of the exchange interac-
tion. As such, one can tune the speed of magnetization processes in multi-
sublattices alloys, being either switching or demagnetization, by properly choos-
ing the magnitude of the constituent magnetic moments and the sign of the ex-
change interaction that couples them. These findings allow designing new synthet-
ic ferrimagnetic materials with tailor-made optimized properties, resulting in 
faster, more energy-effective switching strategies, as exemplified for the case of a 
synthetic Fe/FePt ferrimagnet. 
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Abstract   We have studied femtosecond magnetization dynamics probed by ex-
treme ultraviolet pulses from high-harmonic generation, with element-selectivity 
and ultrafast time resolution. By use of this technique, we identify the microscopic 
processes that drive magnetization dynamics on femtosecond timescales. Here, we 
concentrate on controlling superdiffusive spin-currents in magnetic multilayers. 

We review recent progress in the study of ultrafast magnetization dynamics by use 
of high harmonic generation (HHG) light sources [1] [2] [3]. Since HHG results in 
broadband, coherent, short-wavelength beams, it is ideal for the simultaneous cap-
ture of magnetic dynamics with elemental specificity.  To date, bright HHG light 
sources have been demonstrated from the VUV to the keV photon energy region 
(> 1.5 keV), while retaining the polarization, coherence, and perfect synchroniza-
tion properties of the driving laser under phase-matched generation conditions [4].  

Here we show that tabletop HHG sources are ideal probes of ultrafast magneti-
zation dynamics because of their femtosecond-to-attosecond pulse duration, in 
combination with simultaneous element-specific access to multiple atomic spe-
cies. These unique experimental capabilities make it possible to solve long-
standing problems in far-from-equilibrium magnetism, and also enable the study 
ultrafast processes in more complex and technologically relevant magnetic materi-
als. In recent work, HHG was used to capture the fastest magnetization dynamics 
in elemental materials, complex magnetic alloys, and multilayer systems, thereby 
elucidating the role of exchange interaction [2], superdiffusive spin-currents [3], 
and spin scattering in ultrafast magnetization dynamics [1]. 
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that the Ta seed layer adjacent to the Ni layer plays an important role in breaking 
the stack symmetry [1]. 

For antiparallel orientation of the layer magnetizations, the Fe layer always 
demagnetizes [3], as expected for a spin-current-driven process. Likewise, the ab-
sence of any Fe magnetization enhancement for X = Ta, W, or Si3N4 is expected 
due to the poor spin conductivity of these layers [6]. However, comparison of the 
data for all samples with different spacer layer materials indicates that interlayer 
spin-current is not the only mechanism that drives ultrafast magnetization dynam-
ics. Given that we observe demagnetization of both Ni and Fe for all of these cas-
es, local spin-flip scattering must contribute to the dynamics [1]. 

Table 1. a Calculated absorption ratios of the pump beam by each layer in terms of the percent-
age of the incident pump beam [1]. 

Substrate/…/spacer/…/capping Fe Spacer Ni 
Fe(4 nm)/Ru(1.7 nm)/Ni(5 nm) 15.9 11.7 19.3 
Fe(4 nm)/Ta(2 nm)/Ni(5 nm) 19 3.2 23.5 
Fe(4 nm)/W(2 nm)/Ni(5 nm) 18.9 5.4 23.1 
Fe(4 nm)/Si3N4(3 nm)/Ni(5 nm) 21.5 0 26.4 
Ni(5 nm)/Ru(1.7 nm)/Fe(4 nm) 18.5 12 17.1 
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Abstract   We summarize the first x-ray free electron laser experiment that deter-
mines the extraordinary spin dynamics in the ferrimagnetic alloy GdFeCo on the 
femtosecond time- and nanometer length-scale. The results show that ultrafast 
nanoscale spin transport plays an important role in the all-optical switching ob-
served in this material. 

Introduction 

One of the mechanisms central to the fs laser induced quenching of magnetic or-
der [1] is angular momentum transfer to the lattice [2]. However, laser excited hot 
electrons may transport angular momentum away from the excitation area [3,4]. 
The latter process could open up the possibility to manipulate magnetic order at a 
distance with the Fermi velocity (~1nm/fs) rather than with the speed of sound 
(~1nm/ps) [4]. The fundamental question is how and when long-range magnetic 
order emerges from complete disorder. In equilibrium, magnetic order forms due 
to spontaneous magnetization mediated by the short-range exchange interaction. 

Here we show that the non-equilibrium flow of angular momentum via spin 
currents can also achieve long-range magnetic order. To reveal this mechanism, 
we employ intense fs x-ray pulses to probe magnetic ordering on the nm length 
and fs timescale after fs optical laser excitation has brought a metallic system into 
a highly non-equilibrium spin state [5]. 

Results 

The model system for all-optical magnetic switching is the ferrimagnetic alloy 
Co9.5Fe66.5Gd24, in which the interplay between itinerant Fe, Co spins and lo-
calized Gd 4f magnetic moments lead to a laser-induced magnetization reversal on 
picosecond timescales [6]. So far the nanoscale aspects of this process have not 
been investigated. However, as Fig. 1 illustrates, even the chemical composition 
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of Co9.5Fe66.5Gd24 displays pronounced variations on the nm lengthscale. The 
sample segregates into Fe-rich (blue) and Gd-rich (red) regions as determined by 
scanning transmission electron microscopy with x-ray fluorescence analysis 
(STEM-EDX). X-ray diffraction probes these regions when the x-ray energy is 
tuned to the Gd 3d - 4f and the Fe 2p - 3d resonance. Using circularly polarized x-
rays, the magnetic component, Sq, for Fe and Gd can be obtained as a function of 
wavevector, q [5]. The wavevector q is inversely proportional to the probed 
lengthscale, d, i.e. q = 2π/d.   

Sq measures magnetization dynamics following laser excitation at low-q values 
(white) and high-q values (gray) (Fig. 1, bottom left). High-q Sq (~2 /10nm) 
probes the dynamics related to the chemical enrichment-depletion regions while 
low-q Sq probes the average sample magnetization. The average sample magneti-
zation displays the expected ultrafast demagnetization, as our laser excitation was 
higher than in ref. [6]. Therefore, the sample was heated above the Curie point 
without switching magnetization direction. However, the temporal behavior of 
high-q Sq is noticeably different. High-q Sq directly probes the magnetization dif-
ference between enriched and depleted regions (blue and red areas in Fig. 1,top). 
Critically, the high-q Gd signal increases while the corresponding Fe signal de-
creases. This demonstrates that there is an increasing difference in Gd magnetiza-
tion between enriched and depleted regions on a ~10nm length scale while the Fe 
magnetization averages out. The reconstructed total magnetization demonstrates 
that the Gd magnetization reverses direction in the Gd-rich regions after 1ps (Fig. 
1, bottom right). The complete analysis of these data identifies the driving force 
for this nanoscale spin reversal as a net transfer of Fe spin polarization from the 
Fe-rich into the Gd-rich nanoregions. 

These results clearly demonstrate how x-ray free electron laser (XFEL) radia-
tion can access the smallest space-time dimensions in magnetic solids. XFELs en-
able the study of emerging phenomena such as the disappearance and appearance 
of order in highly non-equilibrium systems. The demonstrated far-from-
equilibrium spin transfer proceeds against the magnetic disorder at elevated tem-
peratures and could provide an effective tool for spin manipulation in future appli-
cations. 



 
Fig. 1. (top panel) Chemical composition map of Co9.5Fe66.5Gd24 . (Bottom left panel) Fe 3d and 
Gd 4f magnetization dynamics, Sq, determined by x-ray diffraction. For low q values (q< 0.2 nm-

1), the measured delay scans probe the average magnetization (white background) while at high q 
(q> 0.2 nm-1) the difference in magnetization between Gd and Fe rich regions is probed (gray 

background). (Bottom right panels) Reconstructed Fe and Gd magnetization in the Fe-rich (blue) 
and Gd-rich (red) nanoscale regions. (from ref. [5]) 
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Abstract   Our understanding of ultrafast switching processes in novel spin-based 
electronics depends on our detailed knowledge of interactions between spin, 
charge and phonons in magnetic structures. We present element-selective studies, 
using extreme ultraviolet (XUV) light, to gain insight into spin dynamics in ex-
change coupled magnetic multilayers on the femtosecond time scale. 

In recent years, intensive studies of spin dynamics have been driven largely by a 
demand for high-speed- and high-density magnetic storage. Encoding data in the 
electron spin promises a new route for the magnetic storage technology with the 
potential to reduce energy requirements and heat dissipation. At the same time an 
increasing effort has been directed towards mastering the control of the spin 
alignment by laser light. A number of distinct models have been proposed to de-
scribe how laser excitation can couple to the spins. Most of these models are based 
on phonon-, electron-, or magnon mediated spin-flip processes [1], direct laser-
induced spin-flips [2] or relativistic spin-light interaction [3]. Recently, a model 
based on superdiffusive spin transport has been proposed [4].  

The variety of these distinct interpretations suggests that several physical 
mechanisms may govern femtosecond spin-dynamics even in a simple elemental 
magnet. The analysis becomes even more complex for heterogeneous magnetic 
systems, such as magnetic alloys [5,6] and exchange-coupled layered structures 
[7]. The detailed understanding of spin dynamics in such complex magnetic alloys 
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and multilayers requires testing of the electronic and magnetic properties element-
selectively with femtosecond time resolution, at the same time. Element selective 
studies of complex alloys and materials have been addressed for some time using 
synchrotron radiation by tuning the light to the characteristic resonances of a par-
ticular material. In our studies we used the synchrotron-generated XUV light to 
explore M-edge resonances in magnetic materials to gain insight into exchange 
coupling between magnetic thin films in magnetic multilayers. By exploiting the 
transversal magneto-optical Kerr effect of Co(5nm)/Si(1.5-4nm)/Ni(10nm) near 
the M absorption edges of cobalt (59.5eV) and nickel (66.5eV) we obtained mag-
netic contrast as large as 80% for Co and 25% for Ni near the Brewster angle of 
about 45° [8]. By tuning the angle and energy we recorded magnetic asymmetries 
as well as element-selective magneto-optical hysteresis loops reflecting switching 
of the individual ferromagnetic layers as a function of the interlayer coupling 
(Fig.1). 
 

 
Fig. 1. Angle- and energy dependent magnetic asymmetry (left) and layer selective hysteresis 
loops (right) of Co(5nm)/Si(4nm)/Fe(10nm) trilayers recorded near M absorption edges of cobalt 
(59.5eV) and nickel (66.5eV) at the Brewster incidence angle.  
 
Requirements for femtosecond element-selective measurements were recently met 
by strong progress in laser-based XUV light sources generating femtosecond puls-
es with photon energies reaching up to 72 eV. Such high-energy photons are pro-
duced when an intense, ultrafast laser pulse is focused into a collection of gas at-
oms, generating higher-order harmonics of the fundamental light [9]. Similar to 
synchrotron experiments, tuning the probing beam to a chosen absorption edge re-
sults in a resonant increase of the signal for the corresponding element. 

Combining element selectivity with femtosecond time resolution we studied the 
magnetic response of ferromagnetic Ni(5nm)/Ru(1.5nm)/ Fe(4nm) multilayers. By 
exciting the multilayer with infrared laser light we observed the evolution of mag-
netization response in the Ni and Fe layers simultaneously but separately using 
synchronized XUV probe pulses detecting spin response within 300 fs after laser 
excitation (Fig.2). Following the excitation, we detected an unexpected fluence-
dependent magnetization quenching, as well as magnetization enhancement in the 
buried Fe layer for parallel alignment of Fe and Ni magnetization. We ascribe the 
observed response to the optically generated superdiffusive spin currents between 
the layers observed experimentally for the first time [7]. 



 

 
Fig. 2. Experimentally measured time- and layer resolved magnetization for Ni(5nm)/Ru(1.5nm)/ 
Fe(4nm) trilayers, after femtosecond laser excitation. The signal at the Fe M absorption edge (52 
eV) anomalously increases for the parallel and decreases for antiparallel magnetic orientation of 
Ni and Fe layers. The arrows in the panel show the relative magnetization of Ni and Fe layers. 
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Abstract: Ultrashort laser pulses are used to induce changes of the magnetization 
in ferrimagnetic CoxTb1-x alloys. Ultrafast magnetization dynamics has been 
probed by tr-XMCD at the CoL3 and TbM5 edges. We demonstrated that demag-
netization of the 4f magnetic moment is much faster than in pure Tb when the ex-
cited-state-temperature is below the compensation temperature.  

Introduction 

Ultrafast magnetization dynamics is an important issue for both fundamental sci-
ence and for applications in order to optimize spin manipulation on a microscopic 
level. Application of ultrashort laser pulses allows ultimately the manipulation of 
the magnetization of magnetic films down to the femtosecond time scale. There-
fore it is essential to understand the different fundamental processes taking place 
during the first hundred femtoseconds. Since the first observation of laser induced 
spin dynamics [1] the mechanisms of femtosecond demagnetization have been 
widely debated. The standard technique used in these studies is time-resolved 
magneto-optic Kerr effect. Nowadays time-resolved X-ray magnetic circular di-
chroism (TR-XMCD) using synchrotron light with femtosecond time resolution is 
accessible as a complementary and element-specific tool to study ultrafast mag-
netization dynamics [2-5]. It is now possible to measure absolute values of the 
magnetization with a high temporal resolution (130 fs) using the f-slicing source at 
the Helmholtz-Zentrum Berlin [2-3]. One of the most striking riddle deals with the 
intrinsic time scale of dynamics, faster for 3d transition metals (TM) (~100fs) than 
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for 4f rare earths (RE) (~700 fs) [4]. In RE/TM alloys, the indirect 4f-4f coupling 
is enhanced due to the presence of 3d electrons in the conduction band. It allows 
investigating the effect of 3dTM-5dRE exchange coupling. Recently, in ferrimag-
netic Fe.75Co.34Gd.22 it was shown that Gd shows a long demagnetization time of 
430 fs whereas Fe is much faster despite the strong exchange interaction between 
both elements [5]. The numerical values of the thermalization times have not been 
explicitly addressed. 

In this context, we have used laser pulses to induce changes of the magnetiza-
tion in ferrimagnetic CoxTb1-x at different working temperatures. The magnetiza-
tion dynamic has been probed at the CoL3 and TbM5 edges [6]. We show that the 
demagnetization time of the 4f magnetic moment can be reduced to values down 
to τ = 280 fs compared to pure Tb (τ=740 fs). Our observations also suggest that 
in case of multisublattice ferrimagnets the 4f demagnetization is faster when the 
excited-state temperature is below the compensation temperature (Tcomp) whereas 
it is slower when the excited-state temperature approaches the Curie temperature 
(TC) [6].  

The pump fluences used during our experiment were adjusted to 12 mJ/cm2 for 
Co0.74Tb0.26 and 21 mJ/cm2 for Co0.86Tb0.14 in order to reach similar amplitudes of 
demagnetization. The 15 nm Co-RE alloys have been grown on Si3N4 membranes. 
The films are characterized by Tcomp, where the magnetic moments of the Co and 
the rare-earth sublattices compensate and by a specific TC where the magnetic or-
der is lost.  A temperature dependent XMCD study at the CoL3 and rare-earth M5 
edges has been performed to characterize the different films ( Tcomp and TC) [6]. 
The pump-probe experiment was performed at film temperatures close to room 
temperature or slightly above so that the laser excited state temperature is either in 
the vicinity of TC (Co0.86Tb0.14 ) or Tcomp.(Co0.74Tb0.26). In Figure 1 a, and b we 
show the ultrafast dynamics obtained at the Co L3 and Tb M5 edges for the 
Co0.74Tb0.26 alloy. The XMCD amplitudes are normalized to the quantitative static 
XMCD measurements [6]. A model detailed elsewhere [6] suggests that for local-
ized 4f electrons an increase of the spin relaxation time leads to larger 
thermalization times in the vicinity of TC. This model also explains why only mi-
nor changes are observed for 3d electrons in Co. This is confirmed by comparing 
the ultrafast dynamics at the TbM5 edge in Co0.74Tb0.26 (~280fs) and Co0.86Tb0.14 
(~500fs) where the excited-state temperature is below Tcomp resp. TC (Figure 1 b 
and c). Finally, we wish to point out that although the 4f elements studied so far 
are demagnetization rate limited close to TC by the divergence of 4f spin fluctua-
tions, this can be overcome using Tcomp in the ferrimagnetic alloys. In the future, 
more studies on specific ferrimagnetic materials, consisting of two antiparallel-
coupled sublattices, are requested to fully describe this effect. 
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Fig. 1. (a, b)  Ultrafast dynamics of  Co L3 (triangles) and Tb M5 (open circles) edges in 
Co0.74Tb0.26. (c) Ultrafast dynamics of Tb M5 edge (open squares) in Co0.86Tb0.14 .  

Acknowledgments  This work was supported by the CNRS – PICS, by Université de Strasbourg 
and the E.U. Contract Integrated Infrastructure Initiative I3 in FP6-Project No. R II 3 CT-2004-
5060008, BESSY IA-SFS Access Program, by the "Agence Nationale de la Recherche" in 
France via the project EQUIPEX UNION: # ANR-10-EQPX-52" and by the German Ministry of 
Education and Research BMBF Grant 05K10PG2 (FEMTOSPEX). V.L.-F. acknowledges Min-
istry of Education of Spain (Programa Nacional de Movilidad de Recursos Humanos del Plan 
Nacional de I-D+i 2008-2011) for financial support. 

References 

* Now at  Synchrotron SOLEIL, L'Orme des Merisiers, Saint-Aubin, FRANCE 
[1] E. Beaurepaire, J.C. Merle, A. Daunois, and J.-Y. Bigot, “Ultrafast Spin Dynamics in Ferro-

magnetic Nickel” Phys. Rev. Lett. 76, 4250-4253 (1996). 
[2] C. Stamm et al., ” Femtosecond modification of electron localization and transfer of angular 

momentum in nickel” Nature Mater. 6, 740-743 (2007).  
[3] C. Boeglin, E. Beaurepaire, V. Halté, V. Lopez-Flores, C. Stamm, N. Pontius, H. A. Dürr, 

and J.-Y. Bigot, ” Distinguishing the ultrafast dynamics of spin and orbital moments in 
solids” Nature 465, 458-461 (2010).  

[4] M. Wietstruk et al., ”Hot-Electron-Driven Enhancement of Spin-Lattice Coupling in Gd and 
Tb 4f Ferromagnets Observed by Femtosecond X-Ray Magnetic Circular Dichroism” Phys. 
Rev. Lett. 106, 127401 (2011). 

[5] I. Radu et al., ”Transient ferromagnetic-like state mediating ultrafast reversal of 
antiferromagnetically coupled spins” Nature 472, 205-209 (2011). 

[6] V. López-Flores et al. ” Role of critical spin fluctuations in ultrafast demagnetization of 
transition-metal rare-earth alloys” Phys. Rev. B 87, 214412 (2013). 

312 N. Bergeard et al.



Space charge effects occurring during fast 
demagnetization processes 

Nathan Beaulieua, Gregory Malinowskib, Azzedine Bendounana, Mathieu G. 
Sillya, Christian Chauveta, Damjan Krizmancicc and Fausto Sirottia 

a Synchrotron SOLEIL, L’Orme des Merisiers, Saint Aubin BP 48, 91192 Gif sur-Yvette 
Cedex (France)  
b Laboratoire de Physique des Solides, Université Paris Sud, Orsay (France) 
c Instituto Officina dei Materiali (IOM) CNR Laboratorio TASC, in Area Science Park 
S.S.14, Km 163.5, I 34149 Trieste (Italy)  

nathan.beaulieu@synchrotron-soleil.fr 

Abstract   Fast demagnetization processes are observed with 50-100 femtosecond 
pulsed laser excitations and energy densities of some mJ/cm2. In these 
experimental conditions, space charge effects are usually observed in 
photoemission experiments. We present the study of a laser induced 
demagnetization of an epitaxial Gd layer with a quantitative measurement of the 
space charge. 

Since the first experiments showing a fast demagnetization processes  induced by 
short laser pulses [1,2], the role played by the hot electrons excited by the pulsed 
laser on the observed magnetization dynamics is becoming more and more im-
portant [3,4]. The hot electrons create a large amount of unbalanced negative 
charge which is self-accelerated by a coulomb repulsion [5].  This phenomenon is 
also well known in pump probe photoemission experiments [6]. We present the 
magnetization dynamics of an epitaxial Gd layer on W(110) studied with a fs laser 
pump synchrotron radiation probe experiment performed using partial yield soft-
X-ray absorption at the Gd M5 edge [7]. The effect of the laser is directly meas-
ured on the photoelectron created by the synchrotron before and after the laser 
pulse. 

The experiments were performed on the UHV-Photoemission experimental 
station of the TEMPO beamline at the SOLEIL synchrotron radiation facility [8]. 
The experimental geometry is summarized in Fig. 1. It allows us to perform mag-
netic circular dichroism experiments in absorption and photoemission under laser 
excitation. The time resolved measuring principle is presented in Fig. 2. The 50 fs, 
6 μJ laser pulses from the Coherent REGA 9050 laser system are emitted at a fre-
quency of about 282 KHz and synchronized to the Soleil synchrotron radiation 
time structure which has a base frequency of about 846 KHz. Soleil was operated 
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in Hybrid mode where an isolated bunch is centered in ¼ of the ring while the 
other three quarters are filled with smaller bunches separated of 2.8 ns.  

 
Fig. 1. Schematic representation of the sample environment and the experimental geometry in 

the UHV photoemission chamber 

Our time resolved delay line detector allow us to separate in different channels the 
photoelectrons originated from the isolated bunch: several spectra are measured at 
the same time, each corresponding to a defined time interval of the laser time pe-
riod.  
The photoemission intensity measured in each time channel is shown in the top of 
Fig. 2 where the photoemission intensity from the isolated bunch is presented as a 
function of the time channel (x axis) and the kinetic energy (vertical axis). The 
isolated bunch intensity is well separated from the generated by the ¾ machine 
filling. 

The integrated intensity corresponding to the isolated bunch in four adjacent 
periods indicated in the top panel is presented in the bottom one. The photoelec-
trons synchronized with the laser are shifted at higher kinetic energy. 

 
Fig. 2. Time resolved photoelectron spectroscopy data acquisition. Top: photoemission intensity 
in a color scale as a function of the electron kinetic energy (vertical axis) and time (horizontal ax-
is). The acquisition is synchronized with the synchrotron radiation periodicity. Bottom: Photoe-
mission spectra obtained for the isolated bunch during four adjacent periods obtained grating the 

four sections indicated in the top panel. 

In order to observe phenomena at ps timescale, we vary the delay between the 
laser and the synchrotron radiofrequency signal. The kinetic energy shift of the Gd 



4f photoemission peak measured during the laser excitation is presented in Fig. 3 
for two kinetic energies: 100 eV and 1100 eV.   

 
Fig. 3. kinetic energy shift observed on Gd-4f core level photoemission at 1100 et and 1100 eV 

kinetic energy as a function of the delay between the synchrotron and laser pulses. 

The two light pulses are superimposed at time t=0 where the kinetic energy shift is 
maximum. At positive delays, where the synchrotron arrives after the laser pulses, 
we probe the duration of the space charge effect. It extends to a time interval of 
about 400 ps and is dependent from the laser focusing and pulse energy density. 
An energy shift is also observed at negative delays, when the laser arrives after the 
synchrotron bunch. The time interval on which the shift is observed depends on 
the kinetic energy of the electrons. It is due to the acceleration induced by the 
space charge on the photoelectrons which are travelling towards the detector. It is 
compatible with an interaction region of about 2.4 mm from the sample surface. 

In conclusion, the determination of detection thresholds in pump/probe experi-
ments is an essential point for the design of new experiments. This is particularly 
true when other thresholds are imposed by the physical problems as it is the case 
for the fast demagnetization. 
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Abstract   A project for the design and realization of an experimental station ded-
icated to ultrafast spin polarization dynamics allowing for spin polarization meas-
urements of photoelectron yield as excited by free electron laser pulses is present-
ed.  

Introduction 

Research on magnetic materials in the last years has been focusing on the deter-
mination of the speed with which is possible to modify the magnetic state of a ma-
terial and of the spatial length over which this occurs. To investigate these prob-
lems it is necessary to examine the dynamical magnetic properties of the 
materials, which could be done by taking snapshots of the spin dynamics on 
femtosecond timescales and with nanometer-scale spatial resolution as well. For 
this kind of measurements state-of-the-art probes are required. Regarding the time 
domain, advances were made over the years by using femtosecond laser pulses in 
a pump-probe configuration. 

The dynamics of the magnetization can be uncovered by measuring the spin 
polarization (SP) of the photoelectron yield of a photoemission experiment [1]. 
One of the most reliable methods to measure SP is the elastic Mott scattering of 
electrons of 50 keV-1 MeV diffusing onto the heavy ion cores of a target. The 
scattering angles must be chosen in order to optimize the spin-orbit scattering 
(which yields the SP asymmetry) ratio over the dominant charge scattering, which 
determines an overall reduction of 4 orders of magnitude of the unscattered photo-
electron beam intensity. As a consequence, experiments which perform SP analy-
sis downstream of high resolution k (angular) and E (dispersion) analysis are af-
fected by poor statistics. 
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Novel linac-based free electron laser (FEL) sources could represent a new pos-
sibility for SP analysis due to the high brilliance and total intensity in a single pho-
ton pulse. By combining this to the time resolution (typical duration of a FEL 
pulse is 50 fs) and to SP measurement by Mott scattering it should be possible to 
address fundamental questions on magnetization dynamics and ultrafast demag-
netization in nanostructured-solids and surfaces. 

State of the art 

The need to design and build an experimental station dedicated to these studies is 
addressed by the ULTRASPIN (ULTRAfast spectroscopy with SPIN polarization) 
project. Within ULTRASPIN, spin analysis by Mott scattering of the photoelec-
tron yield as excited by individual FEL radiation pulses will be implemented. The 
core instrument will be a four-axis Mott scattering device allowing for full vecto-
rial reconstruction of the SP both in the static and dynamic (pump and probe) 
modes [2]. The acquisition chain usually present in traditional Mott scattering de-
tection will be reviewed and eventually modified to achieve linearity, in order to 
preserve the information about the number of electrons scattered in each direction. 
At the same time the detection system should compatible to the time distribution 
of the photoelectrons, in order to obtain information in a time-of-flight (TOF) 
mode analysis. 

We plan to investigate the dynamics of correlated systems displaying orbital 
and spin ordering transitions, especially for nanostructured materials, atomically 
clean surfaces and interfaces. The SP of the photoelectrons will be measured, at 
energies above photoemission threshold, as well as at characteristics energies of 
the systems under consideration. After each FEL pulse the photoelectrons will be 
collected, accelerated and focused into a periaxial beam aimed at a couple of four-
axis Mott scattering devices equipped with fast “total energy” detectors providing 
asymmetry data of Mott scattering with respect to four scattering planes, i.e. four 
vectorial projections on the three independent axis of the SP vector. The energy 
range exploitable by FEL Mott scattering is from threshold  photoemission up to 
hard X-rays, while the 50 fs duration of FEL pulses translates in an 80 meV ener-
gy broadening. This energy resolution is exploitable for SP measurements at 
threshold photoemission and adequate for SP measurements at core level thresh-
olds (Cr, Mn, Fe, Co, Ni, Cu) and valence band energy density of states analysis 
with spin selectivity (without k-selection). 

The project includes the design and implementation of a compact UHV multi-
functional station for sample preparation and analysis. The system is composed of 
two minor-chambers [Fig.1 (a)], the first dedicated to sample preparation and 
growth, and the second one to sample analysis using different complementary 
techniques. Both chambers are equipped with a load lock for sample fast entry.  



                        
Fig. 1. (a) Design of the UHV multifunctional station. (b) View of the analysis chamber 

equipped with a four-axis Mott detector for spin polarization measurements. 

The first chamber is equipped with a sputtering ion gun, a heating stage (tem-
peratures up to 1000°C), two/three electron-gun evaporators and a LEED system. 
The sample can be positioned on a rotatable three-axial manipulator onto a holder 
equipped with a small electromagnet for magneto-optical Kerr effect measure-
ments. 

After the preparation, the sample can be easily translated in the second chamber 
manufactured in mu-metal in order to avoid perturbations due to static or low fre-
quency stray-magnetic fields. A rotatable three-axial manipulator has been mount-
ed, equipped with an open cycle cryostat and a sample environment which can 
hold up to three samples simultaneously. Two of the three stages are dedicated to 
sample cooling and heating. 

Our first goal has been the design [Fig. 1(b)] and setup of the electrostatic ex-
traction optics of the Mott detectors accelerators for spin electron polarization 
measurements. The first in progress experiments will be carried out in static con-
ditions at threshold energy using tabletop lasers in order to precisely evaluate the 
effect and the evolution of space charge on both total intensity and spin polariza-
tion.  

The apparatus should be able to match with a TOF for energy analysis. Trajec-
tory simulations will be performed using the simulation program SIMION and the 
effect of space charge accumulation will be taken into account. 
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Abstract Diffraction imaging using X-ray has been attracting huge attention for 
possible application to investigate ultrafast magnetism. In this work, the sequential 
changes of Fraunhofer diffraction pattern due to photo-induced nonlinear refrac-
tive index changes in a transparent magnetooptic thin film were observed by using 
the 4f imaging system with phase objects at the entrance aperture. The selection of 
the aperture shape was observed numerically. We also discussed the power distri-
bution of the temporally observed patterns. 

Introduction 

In recent years, the ultrafast optical system has fascinated significant attention for 
imaging of nanostructured material. In particular, femtosecond visible laser 
technology combined with magneooptic Kerr or Faraday effect enabled us to 
explore ultrafast timescale magnetism. On the other hand, diffraction imaging has 
also been applied to explore ultrafast phenomenon utilizing X-ray light source 
such as synchrotron and free electron laser. For magnetic materials, where an 
external applied field is requisite, the Fourier transform holography (FTH) has 
been known to be useful in observing magnetism on ultrafast timescale[1,2].  

Traditionally, FTH is based on 4f optical imaging system. As the easiest 
system, the 4f coherent imaging,  as shown in Fig. 1, is the most basic optical 
Fourier technique used for image processing. Fourier optics is a powerful tool for 
the coherent manipulation of optical fields, for the spatial frequency analysis of 
images, and for the construction of real time correlators. One property that makes 
optics an exciting tool for frequency analysis is that, in free-space propagation of 
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light, one can see the effects of lenses and filters on a light beam as the beam 
propogates through the system to the far field. 
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Fig. 1. 4f optical imaging system configuration 

 In this work, we set up a 4f optical imaging system and use it to observe a 
diffraction pattern from a transparent magneto-optic photonic crystal thin film 
with nonlinear optical properties. In order to optimize the characterics, we propose 
a field-dependent diffraction imaging by varying an applied field on the 
transparent magnetic thin film.  

Theory 

The nonlinear image formation inside the 4f system can be described using a sim-
ple model based on Fourier optics[3,4]. The object plane is a back focal plane of 
the first lens and is illuminated by linearly polarized monochromatic plane wave 
with normally incident angle. Assuming that the input object is placed on the ob-
ject plane with amplitude transmittance t(x,y), the distribution of amplitude  in  
Fourier plane can be written as 

  1 

where FT denotes the Fourier transform operator, λ is the wavelength of incident 
beam, f is the focal length, is the amplitude distribution in 
object plane and E is the amplitude of the incident beam.  

 For a magnetic material, if we assume the Faraday effect neglecting 
nonlinear absoprtion and small  phase shifts, we can express the beam intensity at 
the exit surface of sample as 

  2 



where is the nonlinear phase shift. By combining these two equations, one 
can observe diffraction pattern of the magnetic material thin film. 

Results and discussion 

We have simulated the 4f imaging system base on equation (1) and (2) by varying 
the object plane for rectangular and circular oblique pattern. As shown in Fig 2. 
the inverse Fourier transform from the diffraction pattern regenerates a similar 
shape as an original aperture on the object plane. 

 

Fig. 2. The 4f imaging simulation results for different apertures on object plane. 

In conclusion, the 4f optical imaging system based on the Fourier transform has 
been found to satisfies the consistency condition for variation of apertures and 
magnetic fields, which might be applied for ultrafast magnetism study 
experiments using the visible femtosecond laser.  
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Abstract   We present examples of how terahertz (THz) electromagnetic tran-
sients can be used to control spin precession in antiferromagnets (through the THz 
Zeeman torque) and to probe spin transport in magnetic heterostructures (through 
the THz inverse spin Hall effect), on femtosecond time scales.  

Introduction 

THz electromagnetic radiation has a wavelength of the order of 100μm and is lo-
cated between the realms of electronics and optics. THz transients can be used to 
probe and even control numerous low-energy excitations including phonons, exci-
tons or Cooper pairs [1]. Here, we show how THz spectroscopy can be applied in 
the field of spin-based electronics (spintronics) and consider the resonant manipu-
lation of the magnetization of an antiferromagnet [2,3] and the tailored transport 
of spin angular momentum from a ferromagnetic into a nonmagnetic metal [4].  

THz control over antiferromagnetic magnons 

In order to manipulate the orientation of a spin with magnetic moment m, the most 
direct handle is provided through a magnetic field B that exerts the so-called Zee-
man torque m B onto m. To enhance the otherwise weak Zeeman interaction, one 
can take advantage of resonantly driving a spin wave (magnon) in a magnetically 
ordered solid. In antiferromagnets, exchange interaction results in high magnon 
frequencies reaching the THz region [3]. 
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Here, we excite a crystal of the textbook antiferromagnet NiO by means of an 
intense THz pulse with a peak magnetic field of 0.14T (Fig. 1a) and a spectrum 
fully covering the NiO long-wavelength magnon at 1THz (Fig. 1b). The induced 
transient magnetization M is probed with a delayed femtosecond laser pulse 
whose polarization is rotated by an angle proportional to M (Faraday effect).  

Figure 1c shows the measured Faraday rotation as a function of the pump-
probe delay: we observe a long-lived oscillation with a frequency of ~1THz (am-
plitude spectrum in Fig. 1b), which is a clear hallmark of the 1-THz spin wave of 
NiO. A more detailed analysis shows that the spin wave is indeed driven by the 
Zeeman torque of the magnetic field of the THz transient. The long magnon life-
time (Fig. 1c) permits coherent control by using a time-delayed second pump 
pulse that either enhances or cancels the coherent spin motion [2,3]. 

 

 
Fig. 1. Spin-wave control in NiO by THz magnetic fields. a Incident transient magnetic field to-
gether with its b amplitude spectrum. c Measured Faraday rotation of the probe-pulse polariza-
tion. Its Fourier spectrum peaks at 1THz (blue curve in b), which is a clear signature of the 1-

THz long-wavelength magnon of NiO. 

Tailored THz spin currents in magnetic heterostructures 

Ultrafast transport of spin angular momentum through a ferromagnetic metal film 
(such as Fe) can be triggered by a femtosecond laser pulse (Fig. 2a) that excites 
majority electrons (spin up) from d-type bands with low velocity to sp-type states 
with high velocity, whereas minority electrons remain slow [5,6].  

The resulting spin flow can be modified drastically by covering the ferromag-
netic Fe film (thickness 10nm) with a thin (2nm) metallic layer having either low 
(Ru) or high electron mobility (Au) [4]. Figure 2a shows calculations of the spa-
tiotemporal magnetization dynamics based on a superdiffusive transport theory 
[5]: as expected from the very different mobility, spins are found to be trapped in 
the Ru layer whereas only little spin density is accumulated in the Au film.  
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Abstract   Two concepts of ultrafast spin control at THz frequencies are present-
ed: Exploiting a coherent phonon mode we transiently induce and destroy spin or-
der in pnictides at a frequency as high as 5.5 THz. Strong THz magnetic fields 
control magnons in antiferromagnetic NiO coherently by direct Zeeman coupling. 

Introduction 

The terahertz window (1 THz corresponds to an energy of 4 meV) of the electro-
magnetic spectrum has attracted enormous attention in condensed matter physics, 
in recent years. This strong interest has been fuelled by the fact that the THz re-
gime contains a rich variety of low-energy dynamics, such as phonons, plasmons, 
correlation-induced energy gaps or collective magnon modes. While the THz fre-
quency regime had long remained elusive due to a notorious lack of efficient 
sources and sensitive detectors, the past decade has essentially closed what was 
once called the “THz gap”. Table-top sources of multi-THz pulses have provided 
phase-locked field transients with multi-octave spanning spectra covering the en-
tire mid- to far-infrared range in a single pulse. Furthermore, peak electric and 
magnetic field amplitudes beyond 10 GV/m and 33 Tesla, respectively, have been 
reached in few-cycle multi-THz transients [1,2]. In combination with sensitive 
electro-optic detection, this toolbox offers an exciting route to the new regime of 
nonlinear THz optics with sub-cycle temporal resolution [3-6]. 

Ultrashort THz pulses particularly allow us to study and control spin dynamics 
on the few-femtosecond scale. First, we harness an optically triggered coherent 
lattice vibration to induce a transient spin-density wave in BaFe2As2, the parent 
compound of pnictide superconductors [4]. In a second step, we utilize the mag-
netic field component of intense THz transients to directly switch on and off co-
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herent spin waves in the antiferromagnetic nickel oxide NiO [5]. and coherent 
magnon control  

Phonon-driven transient spin order in pnictides 

The material class of iron-arsenic-based compounds, also called pnictides, has 
been found to support unconventional superconductivity when properly doped. 
Yet the microscopic pairing mechanism is largely unknown. In particular, spin and 
lattice degrees of freedom as well as their interplay have moved into the focus of 
interest. We employ few-cycle multi-THz pulses to resonantly probe the evolution 
of a spin density wave gap in the parent compound BaFe2As2 following excitation 
with a femtosecond optical pulse [4]. When starting in the low-temperature ground 
state, optical excitation results in a melting of the spin density order, followed by 
an ultrafast recovery. In contrast, the spin density wave gap is induced when we 
excite the normal state above the transition temperature. Very surprisingly, the 
transient ordering quasi-adiabatically follows a coherent lattice oscillation at a fre-
quency as high as 5.5 THz. Our results attest to a pronounced spin-phonon cou-
pling in pnictides that supports rapid development of a macroscopic order upon 
small vibrational displacement. 

 

 
Fig. 1. a Two-dimensional map of the photo-induced change of the optical conductivity of 
BaFe2As2 at TL = 134 K and b its averages in spectral regions A, B and C. The coherent oscilla-
tions indicate a periodic transient formation and destruction of antiferromagnetic spin order driv-
en by the A1g vibration at 5.5 THz (inset) which involves the motion of arsenic ions with respect 
to the Fe square lattice. The Fe-As-Fe angle  is modulated depending on the position of arsenic 
ions. 



Coherent THz control of antiferromagnetic spin waves in NiO 

The most direct and selective excitation of collective spin oscillations is possible 
by few-cycle THz pulses. THz interaction with matter is routinely mediated by the 
electric field component of the electromagnetic pulse coupling to the charge de-
gree of freedom. We complement this process by showing that the magnetic com-
ponent of intense THz transients enables ultrafast control of the spin degree of 
freedom, by itself [5]: Single-cycle THz pulses switch on and off coherent spin 
waves in antiferromagnetic NiO, at frequencies as high as 1 THz. An optical probe 
with a duration of 8 fs follows the THz-induced magnetic dynamics and verifies 
that the spins are addressed selectively via direct Zeeman interaction. This concept 
provides a universal ultrafast handle on magnetic excitations in the electronic 
ground state. In the future, magnon waves may be exploited as local probes while, 
e.g., orbital degrees of freedom are optically excited. Furthermore, we will discuss 
the perspective of complete spin reversal in sufficiently strong magnetic fields [6]. 

 
Fig. 2. a Crystal lattice of NiO with magnetically ordered spins (blue arrows) and a possible di-
rection of the magnetic THz field B (red double arrow). b Faraday rotation (blue dots) induced 
by a sequence of two THz pulses (red curve) with a mutual delay of t = 6 ps launches a coher-

ent magnon and, subsequently, enhances its amplitude by almost a factor of 2 (shaded back-
ground). c Double pulse excitation with t = 6.5 ps switches the magnon on and off coherently. 
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Abstract   Here we report experiments performed on orthoferrites by means of 
THz time-domain emission spectroscopy. We show that the femtosecond laser 
pulses excite both iron and rare-earth sub-systems on sub-picosecond timescale. In 
particular, the novel route to the optical control of the exchange interaction has 
been discovered.  

Introduction 

Although a remarkable progress in understanding of ultrafast magnetic phenome-
na has been achieved, the ultimate challenge has not been overcome: the femto-
second control of the magnetic state of matter by employing the exchange interac-
tion which is the strongest, fastest and ubiquitous force in the magnetism, 
eventually governing the very existence of the magnetic substances. At the same 
time laser manipulation of the exchange interaction must be feasible in any mate-
rial in which the magnetic order is governed by indirect exchange via ligand ions 
(super-exchange). Indeed, since the super-exchange interaction is defined by vir-
tual charge-transfer excitations from ligand to magnetic ion, one can anticipate the 
feasibility of laser control of magnetism via optical pumping of the electronic 
transitions mediating the exchange. The effect of the optical modification of the 
magnetic state has been most conveniently detected by recording the motion of 
spins triggered by the associated transient torque. 

Orthoferrites are an excellent model system for investigation of laser-induced 
magnetic phenomena, in general, and observing the ultrafast optical control of the 
exchange interaction, in particular. These materials are a family of canted 
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antiferromagnets which show an unusual variety of magnetic properties [1]. The 
spin dynamics of these compounds governed by the exchange interaction belongs 
to terahertz (THz) range [2] thereby being two orders of magnitude faster than in 
conventional ferromagnets like permalloy or iron garnets. This fact makes 
orthoferrites particularly attractive for ultrafast opto-magnetic recording. Indeed, 
recently laser-induced ultrafast spin reorientation [3] and ultrafast inverse Faraday 
effect [4] have been successfully demonstrated in orthoferrites. 

To date, the ultrafast spin dynamics in orthoferrites has been investigated by all 
optical pump-probe spectroscopy. In order to understand better the interaction be-
tween intense femtosecond pulses and both iron and rare-earth magnetic sub-
systems of orthoferrites we employed the THz emission spectroscopy. This tech-
nique combines sub-picosecond time resolution with high sensitivity with respect 
to any dipole active modes. 

By measuring the electro-magnetic emissions arising from the illumination of 
the orthoferrites by femtosecond optical pulses of Ti:Sapphire laser we were able 
to demonstrate that these pulses instantaneously excite many resonances which 
were not visible with the help of all optical pump-probe spectroscopy at all.  

Results and Discussion 

 
Fig. 1. a. The emitted from TmFeO3 signal different temperatures below 55 K. b. Below 55 K the 

magnetization M = S1+S2 lies along x-axis in TmFeO3 cut perpendicular to z-axis. The optical 
pump is focused onto the sample along z-axis, while THz emission is collected along this direc-
tion at other side of the sample. The THz emission arises from the quasi-antiferromagnetic oscil-

lation m(t). c. The amplitude of the quasi-antiferromagnetic mode in TmFeO3 at 35 K vs the 
pump intensity with linear fit. d. The THz waveforms generated in TmFeO3 optical pulses with 

linear and circular polarization. 

By measuring the THz emission arising from optically excited coherent quasi-
antiferromagnetic spin oscillations [Fig. 1 (a) and (b)] we demonstrate the evi-
dence for sub-picosecond optical modulation of the energy of the exchange spin-
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spin interaction in this compound. Distinct features of such an optical control of 
the exchange interaction are linear dependence of the effect on the intensity [Fig. 1 
(c)] and independence on the direction of propagation and polarization of light 
[Fig. 1 (d)]. The effect has been observed in several orthoferrites such as YFeO3, 
TmFeO3 and ErFeO3.  

From the strength of the electric field of the emitted THz wave we have been 
able to estimate that the amplitude of the emitting magnetic dipole is ~ 1 μA cm2 
showing that the sub-picosecond laser pulse with the fluence ~ 1 mJ/cm2 was able 
to change the energy of the exchange interaction over ~ 0.01 % that in turn exerts 
on spins the effective magnetic field of 0.1 T. 

Additionally, we observed the emission arising from the high frequency (1 – 2 
THz) dipoles excited between the sub-levels of the 4I15/2 ground multiplet of rare-
earth ion in ErFeO3. To the best of our knowledge it is the first proven manifesta-
tion of the direct optical excitation of the rare-earth sub-system in the 
orthoferrites.  

Summary 

This work demonstrates potential power of the THz techniques in the area of 
femtomagnetism. Particularly, the THz emission spectroscopy of orthoferrites al-
lowed us to demonstrate the feasibility of sub-picosecond optical control of the 
exchange interaction that opens a novel means of optical magnetization control.  
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Abstract  Compositional dependency of all-optical light helicity-dependent mag-
netic switching (AO-HDS) in ferromagnetic GdFeCo alloy is presented. It is found 
that AO-HDS is associated with the collinear sub-lattice magnetization and not 
with the net magnetization.An explanation of the AO-HDS based on magnetic cir-
cular dichroism exactly matches the above features of experiments. 

Introduction 

Direct demonstration of all-optical light helicity-dependent magnetic switching 
(AO-HDS) was observed in ferromagnetic GdFeCo alloys in the absence of an ex-
ternal magnetic field [1], which became subject of intense discussion in modern 
magnetism. The most obvious explanation via the inverse Faraday effect (IFE) 
[2,3] could only very qualitatively account for the previously observed features. 
What is the origin of the helicity dependence in the all-optical switching? We 
show that all-optical switching with circular polarized (CP) femtosecond laser 
pulses in ferromagnetic GdFeCo is related to the collinear sub-lattice magnetiza-
tion and not with the net magnetization. Furthermore, we present an explanation of 
the AO-HDS based on magnetic circular dichroism (MCD). 

Results and discussion 

For our experiments we have chosen GdFeCo, an amorphous ferrimagnetic rear-
earth transition metal alloy that is widely used in conventional magneto-optical re-
cording and known for its strong magneto-optical effects. Samples were grown by 
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magnetron sputtering in a multilayer structure: glass/AlTi(10 nm)/SiN(5 
nm)/GdFeCo(20 nm)/SiN(60 nm). Net magnetization of GdFeCo is attributed to 
the difference of magnetization in anti-parallelly coupled rare-earth Gd and transi-
tion-metal FeCo. Increasing the amount of Gd, the configuration of sub-lattice 
(transition metal) magnetization and net magnetization is changed parallel to anti-
parallel by across the magnetization compensation composition ratio CM. Using 
magneto-optical microscopy in combination with femtosecond pulsed light, we 
measured the compositional dependency (X:22~27) of AO-HDS in 
Gdx(Fe87.5Co12.5)100-x. To excite the material we used regeneratively amplified 
pulses from a Ti:sapphire laser at a wavelength of 800 nm, pulse width ~90 fs and 
a repetition rate of 1 kHz. 

Figure 1 shows how two different sweeps with the laser beam right-handed cir-
cularly polarized ( +) and left-handed ( -) circularly polarized affect the initial 
domain pattern in different ways. The direction of this switching is determined by 
the helicity of the light pulse. The relation between the direction of reversed net 
magnetization and helicity of the light changed sign by going across the magneti-
zation compensation composition ratio CM (X:~24.5). We also found that the sign 
of MCD that might come from transition metal contribution with photon energies 
in the visible range changed at CM. It was hypothesized that CP light acts as a 
strong effective magnetic field pulse HOM on the magnetization of the medium 
through the IFE. The direction of HOM is then defined by the helicity of the light. 
From basic idea of IFE, effective field should affect to net magnetization. The 
above results do not match with the description based on the IFE. We already re-
ported that ultrafast heating can act as a sufficient stimulus for magnetization re-
versal in a ferrimagnet taking into account the multi-sublattice nature[4], and that 
another type of all-optical switching relies on absorption only via strongly non-
equilibrium conditions and transient ferromagnetic like state[5] within a picose-
cond after excitation. Adequate intensity of multiple-shot laserexposures make 
possible to obtain helicity-dependent switching, and the intensity window in AO-
HDS can be explained quantitatively based on MCD[6].  

 

 
Fig. 1.The magneto-optical image of the magnetic thin film after exposure by sweeping 

of 90 fs circularly polarized laser pulses. Domains with sub-lattice (transition metal) 
magnetization “up’’ and ‘‘down’’ could be observed as white and black regions, respec-
tively.Althoughdown-net-magnetization (-Mnet) was switched by right-handed circularly 
polarized ( +) in case of (a) Gd22Fe68.2Co9.8, up-net-magnetization (+Mnet) was switched 

in case of (b) Gd26Fe64.7Co9.3. 



The above results show that the helicity-dependent ultrafast absorption in a 
multi-sublattice magnetic layer exactly matches the helicity-dependent features in 
compositional dependent switching experiments. 
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